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ABSTRACT 
This study investigates the use of X-ray analytical techniques in the 
field of occupational hygiene. It concentrates on the analysis of toxic 
metal particulates collected on filters in the working environment inside 
factories. 
Chapter 1 looks at the background to this work, including the basic 
principles of occupational hygiene and its importance in modern 
industrial processes. The Factory Inspectorate is introduced as the main 
enforcing body for work-related legislation. 
Chapter 2 deals with the theory of sampling and of both X-ray 
fluorescence and diffraction techniques, including particle size effects 
and errors. A short review of published work in the field of particle 
size effects is included. 
Chapter 3 outlines the analytical conditions for both techniques and 
discusses the reasons for their selection. Experiments carried out to 
determine the best conditions are described. 
Chapter 4 deals with various methods of standard preparation, the 
analysis of samples by X-ray fluorescence spectroscopy and X-ray 
diffraction, and the interpretation of results. 
The project as a whole is discussed in Chapter 5, and its importance put 
into perspective. 
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CHAPrER 1 INTRODUCTION 
1.1 Hazards at Work 
Modern technology has introduced a substantial number of new hazards to 
the working .environment, and the study of occupational hygiene plays a 
vital role in the maintenance of the health and welfare of people at 
work. These hazards may take the form of chemical, physical, mechanical, 
biological and psychosocial factors, all of which must be considered if 
the best attainable working conditions are to be achieved and 
maintained. 
The work of the industrial hygienist includes the identification, 
measurement and control of specific hazards, together with the 
maintenance of proper precautions and monitoring to minimise their 
incidence and their effects, and the education of workforce and 
management so that they are aware of the risks and can safeguard their 
own well-being. 
Chemical and biological hazards are those where toxic substances can be 
taken in to the body via inhalation, ingestion or absorption through the 
skin.( 2 ) The commonest route of entry is associated with atmospheric 
contaminants which are taken into the body via the respiratory system. 
These contaminants can take the form of gas, vapour, mist, dust or fume.* 
Chemical effects due to inhaled chemicals can be either acute or chronic. 
For example, the development of pneumoconiosis or asbestosis through the 
long-term inhalation of small amounts of mineral dusts is considered a 
chronic effect, as is leukaemia from exposure to benzene, or liver damage 
from carbon tetrachloride. Short exposure to toxic gases, however can 
* mist - water droplets condensed on particles; dust - dispersed or 
abraded solids; fume - fine solid condensed from vapour 
cause permanent lung damage and even death, and these are obviously acute 
effects; e.g. exposure to arsine (AsH3) can cause acute reactions. 
Allergic effects can occur at extremely low levels, particularly in 
sensitised workers, e.g. cotton workers develop byssinosis where an 
allergic reaction occurs after a latent period away from work (e.g. a 
weekend) even when exposure levels are very low. Gases can act as 
irritants to the upper part of the respiratory system, or asphyxiants by 
reducing the percentage of oxygen in the local atmosphere. Metals are 
usually taken into the body as dusts or fume, or as gases in the case of 
organic compounds. The organic and inorganic compounds of a metal may 
have differing health effects, e.g. lead and mercury compounds are more 
toxic in organic forms. 
Biological effects include infection due to bacteria and fungi. 
Physical effects are those due to such factors as noise, heat, lighting, 
ionising and non-ionising radiations. Noise effects can cause either 
actual physical hearing damage, or nuisance effects such as difficulty in 
communication or concentration. Limits are set for exposure during a 40 
hour working week of 90 dBA, these being 'A' weighted decibels which take 
account of the frequency-dependent response of the human ear. If a worker 
is exposed to working conditions which are either too hot or too cold his 
performance will suffer. So temperature and humidity should be monitored, 
to avoid thermal stress. Proper lighting is important in the working 
environment, this should be adequate to prevent eye-strain, but without 
causing glare. Ionising radiations are those which can cause chemical 
changes by ionisation and excitation of molecules on which they impinge. 
These are mainly X- and gamma-rays, and ultra-violet radiation, although 
a wider range of ionising radiations are encountered in the nuclear 
industries. Limits are set for ionising radiations, measured in sieverts, 
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these units being a measure of energy absorbed per unit mass with a 
weighting factor depending on the type of radiation and the absorbing 
tissues. Non-ionising radiation includes micro-waves, visible light and 
infra-red radiation. The effects of all electromagnetic radiation are 
dependent on their wavelength. The shorter wavelengths, corresponding to 
higher photon energies, are generally the most hazardous. 
Mechanical effects are those which involve the dangers from machinery and 
objects used in the working environment which could cause injury. 
Psychosocial effects are brought about by the conditions under which 
people have to work. If a job is boring and repetitive it may become 
unpleasant to the worker, as would one which was ergonomically 
unsuitable, such as having to maintain an uncomfortable posture while 
operating equipment. Good relations with colleagues also improve work 
performance, as disagreements and hostility can distract attention from 
the job. 
The monitoring of chemical hazards is an extensive exercise, and this 
thesis will concentrate on this aspect of occupational hygiene. 
1.2 Threshold Limit Values (TLV) 
Because of the many and varied hazards associated with substances used in 
industry, limits have been defined to give guidance to the amount of 
exposure workers can safely receive. Threshold limit values(3) represent 
conditions under which it is believed that nearly all workers may be 
repeatedly exposed day after day without adverse effect. They have been 
set up by the American Conference of Governmental Industrial Hygienists 
(ACGIH), and these are revised annually. It is stressed that these limits 
act as a guide only, and are not sharp dividing lines between safe and 
3 
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unsafe exposure as effects can vary from worker to worker. The main 
object is to reduce concentrations of any substance as far below the TLV 
as practicable, and their application in any particular situation should 
be interpreted by a trained occupational hygienist. 
If a substance is absent from the TLV list, this does not necessarily 
mean that it is harmless. It is possible that it is never (or rarely) 
present in a particulate, gaseous or other airborne form so no TLV is 
necessary, or that insufficient information is available on its effects 
even to give a tentative value. 
1.2.1 HSC application- Occupational Exposure Limits (OEL) 
· Until recently, the Health and Safety Commission (HSC) in the UK adopted 
most of the values used by the ACGIH, though some exceptions exist where 
the HSC adopted its own values, e.g. asbestos, benzene, chromium 
compounds. 
In 1984, the HSE produced a Guidance Note( 1 ) describing Occupational 
Exposure Limits, many based on TLV's. This introduced the concept of 
'Control Limits' and 'Recommended Limits'. Control Limits are contained 
in a short list in the document, and refer to levels which should not 
normally be exceeded, as they are fairly certain to be an accurate 
indication of risk. These limits are strongly enforced, and a factory is 
likely to be prosecuted for exceeding them. Examples are acrylonitrile, 
lead and asbestos. Recommended Limits are based largely on TLV's, and 
their enforcement is less stringent than Control Limits. 
In both cases, levels should be kept as low as is reasonably practicable 
and in any case within the OEL, and suitable operational procedures 
should be adopted where possible to reduce the release of hazardous 
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substances at source. Alternatively, adequate local exhaust ventilation 
can be used to dilute the emission to a harmless level. 
1.2.2 Types of OEL 
Because substances may have long term or short term effects, two types of 
exposure limits have been included in both the Control and Recommended 
Limits lists. Both are based on a time weighted average (TWA). Some 
substances may have both long and short term effects, and a figure is 
included for both. Substances which have either long or short term 
effects will have only one figure present. 
a) Long term exposure limit 
In the old TLV lists, the TWA was defined as the level to which a worker 
may be continuously exposed for an 8 hour day or a 40 hour week. Nearly 
all workers can receive this amount of a contaminant without suffering 
adverse effects. For substances in the Recommended Limits list, this is 
considered an average value and can be exceeded for short periods if 
balanced with periods below the level. As the levels are based on current 
experience, backed up by human and animal studies, it can only be stated 
that they are safe for nearly all workers. If new evidence comes to 
light, they are adjusted accordingly. This limit can be calculated from 
shorter sampling times by assuming zero exposure for the remaining time. 
The limit is appropriate for guarding against the effects of long term 
exposure, or reducing the risks to an insignificant level. 
b) Short term exposure limit 
This can be compared to the ceiling value in the old lists, which was a 
level which should never be exceeded, even instantaneously. As it is not 
possible to measure an instantaneous value, as a sample must be taken 
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over a finite period of time, it was decided that ten minutes was the 
shortest practicable period over which a meaningful sample could be 
taken. 
The limit is aimed at avoiding the acute effects caused by some 
substances, or at least reducing the risk of their occurrence. 
1.2.3 Factors affecting the application of an OEL 
The application of an OEL value in a given situation should be carried 
out by a trained occupational hygienist. This is because many factors 
can govern the effect of a contaminant. 
If a mixture of contaminants is encountered, it is difficult to say if 
there are additive effects, i.e. more than one substance will have a 
harmful effect, or whether synergistic effects are present, i.e. each 
component is not harmful in itself, but will be if another substance is 
also present. Many formulae have been proposed to calculate such 
effects, and it is up to trained occupational hygienists and 
toxicologists to assess hazards in specific cases. 
Problems are encountered in the application of OEL's to substances of 
variable composition, such as welding fume. It is usually considered 
adequate to apply a level to fume as if it were a single substance if no 
toxic components are present in the welding rod, metal, or metal coating 
and conditions are not conducive to the formation of toxic gases. If, 
however, it is suspected that toxic components are present, a sample 
should be analysed for individual substances. 
Many other factors can affect the toxic effects of a particular 
substance, e.g. heat, ultra-violet radiation, ionising radiation, 
humidity. These can take the form of stress to the worker which can alter 
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the effects, in most cases increasing them. Particular examples of 
stress-inducing effects are temperatures greater than about 42°C (90°F) 
and overtime greater than 25%. 
Some substances are classed as nuisance dusts, where no toxic effects 
such as irreversible tissue reaction or scar tissue are encountered. 
Their limiting factors are governed by reduction of visibility in the 
workplace and unpleasant deposits in the nose, ears and eyes, e.g. a long 
term OEL of 5 mg/m3 is applied to ZnO dust. Other nuisance dusts are 
1.2.4 Other limiting values 
· OEL concentrations give an indication of the amount of substance 
available in the workplace air for potential entry into the body via the 
respiratory system. However this does not give an overall picture of its 
potential impact on the health of the worker. Biological limit values 
exist whereby an overall exposure can be monitored through sampling 
blood, urine, exhaled breath, hair, nails, tissue, etc. in order to 
monitor the response of individual workers. Details of this are beyond 
the scope of this work, but in combination, all monitoring techniques can 
give an indication of the total pathway of a contaminant from its source 
to potential target tissues. 
1.3 Specific Hazards 
Examples of the toxic effects of some elements and compounds commonly 
encountered in industry are given below.(4 ) Several elements determined 
by X-ray analysis have been selected for particular attention in this 
present study, and their treatment in occupational hygiene will be 
studied in detail. Fig. 1.1 shows the various OEL's for a number of 
contaminants. 
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··Fig. 1. 1 
Occupational Exposure Limits of some more common organic 
and inorganic contaminantsf 
TWA mgjm3 
Contaminant Form Long term 
Cd Dusts, salts 0.05 
CdO production 0.05 
Co Metal, dust & fume 0.1 
Cr Metal,Cr(II) compounds, 0.5 
Cr(III) compounds 
Water soluble 0.05 
Cr(VI) compounds 
Pb Inorganic compounds, 0.15 
dust & fume 
ZnC12 1 ZnO 5 
Zn 
gas 0.2 (0.05 ppm) 
Benzene vapour 1 Oppm 
Quartz dust (respirable) *X· 
Asbestos fibres,e.g.chrysotile 0.5 fibre/ml 
crocidoli te 0.2 fibre/ml 
amosite 0.2 fibre/ml 
t reference ( 1 ) 
* TWA calculated using formula: 
10 % respirable quartz+2 
mgm-3 
8 
Short term 
0.2 
0.05 
:-. 
2 
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Cadmium(5) 
Examples of the use of metallic cadmium in industry are for protective 
coatings of other metals, and in batteries and reactor control rods. Its 
compounds are used in pigments, photography and semiconductors, amongst 
many other things. Acute effects such as severe tracheobronchitis have 
been observed with 20% mortality rate for exposures estimated at 50 mg/m3 
cadmium fume for one hour. Chronic effects due to inhalation of dusts, 
salts and fumes over a number of years have resulted in effects such as 
kidney damage and anaemia. Extensive studies have been carried out over 
the years on workers exposed to cadmium compounds, and OEL's assessed on 
the basis of these facts. However in spite of improved occupational 
hygiene standards introduced in recent years, cases due to over-exposure 
in earlier years before their enforcement still come to light. There has 
been some dispute as to whether cadmium compounds can be classed as 
carcinogenic, but with insufficient evidence for this, the designation of 
cadmium oxide as a suspected carcinogen has been lifted. 
1.3.2 Cobalt 
This is used in steel alloys and cemented carbide tools. Some lung 
reaction has been observed in workers in the tungsten-carbide industry 
where cobalt is present. Dermatitis has also been observed from exposure 
to cobalt and its compounds. However with the reduction in levels due to 
improved occupational hygiene practice over the last few decades, such 
cases have become less common. 
1.3.3 Chromium 
A wide range of chromium alloys and inorganic compounds, can be found in 
the workplace. Because of this they are grouped according to their OEL's 
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based on available toxicological data. These are: chrome metal and 
alloys; divalent compounds; trivalent compounds; hexavalent compounds. 
Dermatitis has occurred in workers handling trivalent compounds. However 
it is found that the most toxic form is in hexavalent compounds. Water 
soluble chromium(VI) compounds can cause kidney and liver damage. 
Exposure in chromate pigment manufacture leads to an increased risk of 
lung cancer. 
1.3.4 Lead 
Lead and lead compounds have a wide variety of uses in industry, e.g. in 
alloys, pigments, batteries. Most monitoring seems to have been carried 
· out in the biological field, e.g. urinary and blood lead levels. There is 
evidence that lead fume is less hazardous than dust of relatively soluble 
compounds. This could also be due to their different particle sizes 
leading to different up-take efficiencies and retention times in the 
lung. Chronic effects of lead exposure include gastro-intestinal 
disturbances and anaemia, and effects on the central nervous system. 
Effects on mental development of children is presently causing concern, 
and lead effects on the unborn children of pregnant women may also be 
significant. Compounds such as lead chromate are more hazardous than 
other lead compounds, due to the effects of both lead and chromium, hence 
a lower OEL of 0.05 mg/m3 has been recommended. 
This is a highly toxic flammable gas evolved when nascent hydrogen is 
produced in the presence of arsenic ions in solution. It is sometimes 
encountered in the manufacture of semi-conductors. The toxic effects are 
haemolysis and renal failure. It is immediately lethal at 250 ppm, and 
effects are experienced even at 1 ppm, if present over a period of time. 
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1.3.6 Silica 
Free or crystalline silica is known to cause silicosis. It is found in 
sand, cement and the pottery industry, and its effects in old industries 
such as slate quarrying have been known for many years. It exists in 
several forms such as quartz, cristobalite and tridymite. Pneumoconiosis 
is caused by coal dust which may contain free silica, but other 
substances in the dust also contribute to the disease. 
1.3.7 Asbestos 
The respiratory system is not as efficient in trapping long thin fibres 
as it is with more spherical particles, so fibres such as those of 
asbestos can reach the alveoli and cause asbestosis. Blue asbestos in 
particular has also been associated with lung cancer and pleural 
mesothelioma. Smokers exposed to asbestos have an increased risk of 
developing lung cancer. Smoking seems to increase the danger of many 
dusts, possibly due to reducing the effectiveness of the cilia or due to 
synergistic effects in the lung itself. 
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1.4 Factory Legislation 
1.4.1 Past and present inspectorate organisation 
The oldest inspecting body in the UK is the original Factory 
Inspectorate, established in 1833 with four inspectors. The Health and 
Safety at Work Act (1974) extended its field to cover a wider range of 
working environments, e.g. hospitals, schools, universities. The actual 
inspecting duties cover such a wide range of premises that they are split 
between the local authorities and the inspectorate, the latter being 
concerned with 'factory-like' premises. 
The Mines and Quarries Inspectorate are responsible for coal mines, iron 
·working, quarries, etc., the Explosives Inspectorate for storage and use 
of explosives, fireworks, petrol, compressed gases, etc. The Agricultural 
Inspectorate look after the welfare of those employed on farms and 
associated premises. The Nuclear Installations Inspectorate was 
established in 1965 to be responsible for the design and safe operation 
of nuclear installations. The Industrial Air Pollution Inspectorate, 
formerly the Alkali and Clean Air Inspectorate, enforces the Alkali Works 
Regulations Act (1906) and is responsible for emissions to the atmosphere 
from factories. 
The 1974 Act brought about the reorganisation of the areas covered by 
regional offices of the Factory Inspectorate. The offices now cover 
larger areas and the inspectors are more specialised, eac.h having an 
industry group, e.g. Food, docks, printing, cotton, chemicals, 
ship-building, etc. 
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1.4.2 The Health and Safety at Work etc Act 1974 
This Act was placed on the statute book in 1974.(6) It was based on the 
Robens Report of 1972 which described the investigation into Health and 
Safety at Work under the previously existing Acts. It does not cancel 
existing legislation, though where overlaps occur, some has been 
repealed. It is known as an 'enabling' act as it spreads the 
responsibility for safety at work to many more people and puts the 
responsibility on the individual to play a part in his own safety rather 
than by enforcing stringent regulations. It provides an integrated system 
of law to cover the welfare of people at work and the general public 
affected by industrial operations. For example, those persons having 
duties placed upon them include employers, who are responsible for 
providing safe working conditions, manufacturers, designers, importers 
and suppliers responsible for supplying safe goods, and employees who 
must not behave in a manner likely to affect the safety of those in 
contact with them including the general public. 
The Act gives power to the Secretary of State for Employment acting 
through the Health and Safety Commission to draw up regulations and Codes 
of Practice where necessary. The Health and Safety Commission, consisting 
of 6-9 part-time members and a full-time chairman, was set up on 1 
October 1974, and acts through the Health and Safety Executive. It may 
set up Advisory Committees to advise on industrial hazards, e.g. the 
Advisory Committee on toxic substances, drawing on expert knowledge of 
the specialist divisions of the Health and Safety Executive. The 
Executive is thus the operating arm of the Commission, established on 1 
January 1975, its purpose being to advise and enforce the law. 
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The Robens Report brought together under the Health and Safety Executive 
the six existing inspectorates and the Employment Medical Advisory 
Service (EMAS). These had previously been spread between various 
government departments such as environment, agriculture, fisheries and 
food, etc. 
1.4.3 Powers of the Inspectorate 
The inspectors have powers of entry and inspection, to take direct action 
and to give direction, as well as various other powers under the law. 
If they believe it is necessary to enter premises in order to carry out 
their job, they may do so, and it is an offence to obstruct an inspector. 
They are entitled to question people, examine books (except certain legal 
documents) and take statements. They may seize articles or substances and 
take samples. 
If a piece of machinery or a process is considered in need of 
improvement, i.e. is in contravention of a provision of the Act or Acts, 
the inspector may issue an Improvement Notice, and action must be taken 
within a certain period, usually of at least 3 weeks. The employer has 
the right of appeal within 21 days, and if he does so this has the effect 
of suspending the notice. A Prohibition Notice is issued if the inspector 
considers there is imminent risk of personal injury. Appeal is again 
possible, but a Prohibition Notice is not suspended in this event. 
Prosecution in the event of persistent contravention of the Act or Acts 
can mean fines or imprisonment. 
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1.4.4 Specialist Support 
The Factory Inspectorate is the enforcing part of the Health and Safety 
Executive, but there is also a need for scientific support to deal with 
the various problems encountered in the field. 
At present there exist laboratories at Sheffield, dealing with safety in 
mines, at Buxton, handling fire and explosions and the Occupational 
Medicine and Hygiene Laboratories at Cricklewood, London. 
The Buxton and Sheffield Laboratories originated under the Mining 
Association of Great Britain, before being transferred to the Mines 
Department of the Board of Trade in 1920. After expansion and transfer of 
· control between various departments, the laboratories became a part of 
the Health and Safety Executive in 1975. 
The need for investigation of factory atmospheres led to the 
establishment of an Industrial Hygiene Division of the Factory 
Inspectorate in 1966. The move in 1973 to the present laboratory at 
Cricklewood allowed considerable expansion of the work. Also sited at 
Cricklewood is the Occupational Medicine Laboratory which deals with 
medical samples, and this also had its origins in a growing concern for 
the welfare of workers in the late 50's and early 60's. The Buxton, 
Sheffield and Cricklewood laboratories are known as the Health and Safety 
Laboratories. They provide scientific support, carry out research and 
development and test equipment. 
Much field sampling is carried out by Field Scientific Support Units 
which cover each area of the UK. They work in conjunction with the 
inspectorate, the staff being scientists providing the necessary advice 
to the inspectors. The Groups are able to carry out some analysis in 
their own regional laboratories, sending samples requiring more extensive 
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analysis beyond the scope of their facilities to the Cricklewood 
laboratories. 
The X-ray Analysis Section at Cricklewood where most of the work for this 
thesis was carried out, analyses a range of samples for elements from 
sodium to uranium in the periodic table by X-ray fluorescence 
spectrometry (XRF), on filter and bulk samples. Quartz analysis on bulk 
samples and filters is carried out by X-ray diffraction. XRF is a useful 
technique, being non-destructive and rapid which is ideal for analysing 
large numbers of filter samples on a routine basis. 
1.5 Choice of Method 
· This thesis deals mainly with X-ray analytical techniques in the 
determination of toxic metal particulates. The work was carried out in a 
laboratory which deals with a combination of service and development 
work. Much of the development work was directed towards improving 
techniques used on the service side, and this is reflected in the subject 
matter of this thesis. There are several other analytical techniques 
available for such work, but each suffers from a drawback which caused it 
to be rejected as a major technique in this case. 
Purely elemental analysis can be carried out using Atomic Absorption 
Spectroscopy (AAS) or Inductively Coupled Plasma Emission Spectroscopy 
(ICPES) techniques. AAS involves aspiration of a solution containing the 
analyte into a flame and ･ｸ｡ｭｾｮｩｮｧ＠ the absorption spectrum at 
various wavelengths. In ICPES analysis, the emission spectrum due to 
excitation by an argon plasma is examined. Though only one element at a 
time can be looked for with AAS, ICPES will identify all elements 
present. However the main disadvantage of the techniques is the fact that 
the samples are destroyed prior to analysis and the filters cannot be 
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saved for further work. Thus all XRF and XRD analysis had to be completed 
before passing to AAS section for the comparative exercises described 
below. 
Another possible elemental (in this case, isotopic) technique is neutron 
activation analysis, but this is a very expensive technique, totally 
impractical for routine analysis of samples. Another disadvantage is the 
fact that certain common elements such as lead are difficult to detect. 
Techniques to identify compounds as opposed to elements include gas 
chromatography (GC), mass spectrometry (MS) and XRD. Again with GC and 
MS, the sample is destroyed, and the high cost of the equipment for MS 
would make the technique prohibitively expensive in all but the larger 
laboratories. Thus XRD was selected as the technique to compliment XRF. 
Although it is relatively insensitive compared with the other techniques, 
the ease of analysis, together with the non-destructive nature of the 
method made it favourable. If the filters with heaviest loading were 
selected from each batch of samples, sufficient sensitivity could be 
obtained in most cases. 
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CHAPTER 2 THEORY 
2.1 Sampling of Particulates 
In considering sampling techniques for airborne dust, it is necessary to 
understand the behaviour of particles once they have been inhaled. A 
measure of the total atmospheric dust is of limited use for present 
purposes, as the more relevant measurement is the inhalable or inspirable 
fraction. In recent literature (34 •35 ) the respiratory system has been 
divided into three basic regions as described below. (See fig. 2.1). 
(i) The naso-pharynx, from the head down to the pharynx. 
Here particles of all sizes may be inhaled, the largest of which are 
trapped in the hairs of the nose or swallowed. If the particles are toxic 
soluble substances, e.g. certain lead salts, or some radioactive 
materials, they can be dangerous whatever their size. This is because 
they can pass into the body through the respiratory system or the 
gastro-intestinal tract. Insoluble particles, on being swallowed, are 
generally less hazardous as they pass through the digestive system 
without being absorbed into the blood, and are excreted. 
(ii) The tracheo-bronchial region, or conducting airways, from the 
trachea and bronchial tree down to the terminal bronchioles. 
Here, particles up to 15 pm aerodynamic diameter can deposit, chiefly by 
sedimentation and impaction. The aerodynamic diameter gives a more 
realistic picture of the settling characteristics of a particle than its 
actual physical dimensions. It is defined as the diameter of a sphere of 
unit density having the same terminal velocity in air as the particle. 
Although many diseases originate in the alveolar regions, it is known 
that substances reacting rapidly with tissue can also cause lesions in 
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the tracheo-bronchial region, (and also in the naso-pharyngeal region), 
and chronic bronchitis can also result from nuisance dusts depositing 
here. The conducting airways are covered in fine cilia which constantly 
move mucus containing dust particles upwards until they can be swallowed. 
However this process may not be quick enough with some substances before 
toxic reactions take place. 
(iii) The alveolar region. 
This consists of small sacs in the lungs where gas exchange takes place 
with the bloodstream. Here particles of very small diameter (< 1 pm) 
deposit by diffusion, as the gas in the alveoli is never completely 
exhaled. As the diffusion rate is very slow, these particles can remain 
in the lung for long periods. Clearance mechanisms exist to move 
deposited particles to the ciliated regions of the conducting airways. 
However, these mechanisms are thought to fail in some cases leading to 
such substances as coal dust, asbestos, etc. remaining in the lungs and 
causing disease. Other factors such as respiratory flow, the anatomy of 
the person and environmental factors also affect the deposition of 
particles in the lungs. 
It can be seen that in the case of a dust which affects a specific region 
of the respiratory system, it is necessary to sample a defined range of 
particle size, e.g. alveolar dust in the case of quartz. However, with a 
toxic dust which is harmful at all inhaled sizes, a sampler which samples 
the total inhalable fraction is more suitable. Most of the work carried 
out in this study is concerned with the sampling and analysis of toxic 
metal particulates, and procedures for this are described. Work has also 
been carried out by the XRF section in conjunction with the Gas 
Chromatography section on diffusive samplers to measure gas 
concentrations.<44 ) 
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The samplers at present in use by the Factory Inspectorate are: the 
Gelman open head sampler, the Casella UKAEA head with a central 4 mm 
diameter orifice, and the modified UKAEA head with 7 x 4 mm holes (see 
fig. 2.2). The UKAEA heads were originally designed by the United Kingdom 
Atomic Energy Authority for sampling of radioactive dusts so that larger 
particles would be collected in the centre of the filter with a 
distribution of progressively smaller particles towards the edge. The 
modified UKAEA head was developed for the sampling of wood dusts. The 
cticune.ter 
open head sampler allows the exposure of 22mmlof filter to the atmosphere 
and the distribution of particle sizes should be even over the whole 
area. 
· Each sampler is connected to a battery operated pump via flexible tubing. 
These three samplers will sample the respirable sub-fraction (d<=7 pm) 
with efficiency approaching 100%, but for larger particles the efficiency 
is reduced and varies between the three samplers. Each takes a 25 mm 
diameter filter. 
These devices sample virtually total dust although it would be preferable 
to sample only the inhalable fraction. Although this situation is not 
entirely satisfactory, it is necessary to have a standardised sampling 
method so that some degree of comparison can be obtained throughout 
industry. 
Static samplers sampling background levels in a factory are used, 
together with personal samplers which the worker actually wears as near 
to his breathing zone as possible as he moves about the factory. The 
UKAEA sampler is generally preferred because the filter is protected from 
interference by the wearer and splashing, and this is the standard 
sampler for use in lead sampling as laid down by the Commission of the 
European Communities. The Commission decided that rather than specify the 
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particle size range to be collected, it is more practical at the moment 
to specify sampler entry velocity. At present the specified sampling flow 
rate is 2 1/min giving an entry velocity of 2.6m/s. However this may need 
to be modified in future to conform with regulations in other West 
European countries. 
The purposes of sampling in factory environments are to assess the risk 
to workers and ensure that regulations are obeyed; the levels are then 
routinely monitored to ensure that safe conditions are maintained. In 
Chapter 1, the different TLV definitions were described. In routine 
monitoring, it is usual to sample at 2 1/min for about a 30 minute period 
at intervals throughout the shift, but for assessment purposes, it would 
be better to sample for a whole 8 hour shift to get a true time-weighted 
average. Detection limits for X-ray analysis must also be considered so 
that sufficient sample is obtained for most elements at 1/10 OEL for XRF. 
Recent discussions on sampling procedures by the Commission of European 
Communities have been focussed on lead, although the same procedure is 
adopted for various other metals and their compounds. 
2.2 The Nature of X-rays 
The X-ray region of the electromagnetic spectrum is generally considered 
to be between 0.1 A and 100 A with the ¥-radiation region to the short 
wavelength side, and ultra-violet to the long wavelength side (see fig. 
2.3). The energy of an X-ray can be represented by E = he/A, orE 
12.4/A where E is in keV and A in A. Therefore the above wavelength 
interval corresponds to the photon energy range 0.124-124keV which covers 
the characteristic X-rays. 
When electrons impinge on a target, as in an X-ray tube, part of the 
energy released in their deceleration produces a continuum of 
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electro-magnetic radiation (bremsstrahlung), plus monoenergetic 
characteristic radiation due to re-arrangement of orbital electrons in 
the target material following ejection of one or more electrons by 
coulomb excitation. The voltage on the tube (in kV) necessary to excite a 
minimum wavelength ｾ＠ . (in angstrom) in the target is given by 
mm 
v = 12.4 
ｾｭｩｮ＠
••• 2-4 
The maximum intensity of the continuum occurs at approximately 2 A .• 
mm 
The equation used throughout X-ray analysis is the Bragg equation: 
nA = 2d sine ••• 2-5 
where n = order of radiation 
ｾ＠ = wavelength of incident radiation 
d crystal spacing 
e incident angle of radiation 
In wavelength-dispersive X-ray fluorescence work, the crystal spacing is 
that of the analysing crystal for a given orientation. e is varied so 
ｴｨ｡ｴｾ＠ can be deduced for the various peaks obtained. n is usually 1. 
For energy dispersive fluorescence work, the characteristic X-rays are 
detected by a high resolution semi-conductor detector and a spectrum 
recorded via a multi-channel analyser. 
X-Ray Fluorescence Spectrometry 
Principles 
When an atom is excited by X-radiation, the energy of the incoming photon 
may be sufficient to eject an electron from one of the inner orbitals 
(energy levels). This results in an electron from a higher energy level 
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filling the vacancy left by the emitted electron, with the emission of a 
photon of X-radiation. Alternatively, the transition energy may cause 
another electron to be emitted from an outer orbital, and this is known 
as the Auger process. These processes are related by the fluorescence 
yield, w. This is defined as the number of X-ray photons emitted within a 
given series, divided by the total number of vacancies formed in the 
associated shell, each within the same time increment. A series is a set 
of transitions to the same electron shell, e.g. K-series. 
Each shell consists of groups of electrons in one or more energy levels 
(see fig. 2.4). With no restrictions, many transitions would be 
possible, but in practice, because of selection rules governing the 
transitions, only certain ones occur. These rules state that the quantum 
numbers associated with a particular atom can only change by certain 
increments: 
Principal quantum number, n An >= 
Angular quantum number, 1 ｾ＠ 1 =+ 
Vector sum of angular and spin quantum numbers ｾ＠ j = 1 or 0 
For example, the ｋｾ＠ Ｌｋｾ＠ doublet corresponds to the transitions from the 
3/2 1/2 1 2 2p and 2p states to the 1s orbitals (L(II), L(III) to K). Because 
X-ray fluorescence is a phenomenon of the well screened inner electrons, 
for most elements, their chemical combination with other elements does 
not affect the fluorescent process. However, for lighter elements such 
as aluminium and sulphur, chemical bonding does govern the intensity and 
position of the lines to some extent. 
When an X-ray interacts in matter, it will undergo either absorption or 
scattering. The absorption is due to the photoelectric effect, where 
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electrons are ejected following photon absorption by the atom. The 
scattering is either coherent (Rayleigh) or incoherent (Compton). 
The mass attenuation coefficient p is a function of both these processes. 
Transmission of X-rays in a sample of linear thickness x obeys Beer's 
law: 
••• 2-6 
transmitted intensity through thickness x of absorber 
r 
F 
incident intensity 
mass attenuation coefficient for element 
= density of element 
X thickness of sample measured along the beam direction. 
The variation of mass attenuation coefficient with photon energy is seen 
in fig. 2.5 with the absorption edges clearly visible. These correspond 
to the binding energies of electrons in each electron shell or sub-shell. 
Absorption can occur only where the photon energy is greater than or 
equal to an absorption edge. 
If f is represented by f = ｾ＠ + cr and 1:' , the photoelectric mass 
attenuation coefficient is large compared with ｾ＠ the scatter 
coefficient, 
••• 2-7 
As the energy of incident photons is progressively reduced, successive 
terms drop out of this equation leading to sudden reductions in the total 
mass attenuation coefficient. For thick specimens, when accurate 
quantitative work is being carried out, it is important that the sample 
exceeds the critical thickness d • This is the thickness above which an 
s 
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increase in thickness gives no appreciable increase in X-ray intensity, 
since the fluorescent radiation from events deep within the sample can no 
longer reach the surface. For a sample consisting of a pure single 
element this is given by: 
d 
s 
••• 2-8 
where x = effective path length for fluorescent radiation 
s 
before it emerges from the sample in the 
direction of the detector, approximately 
equal to 4-6/rf 
mass attenuation coefficient for material at the 
fluorescent radiation energy 
p = density of sample 
¢2 take-off angle of spectrometer 
The fluorescent intensity from a sample is proportional to the difference 
between the incident intensity and the intensity 6-u.nstvtittiJ according to 
equation 2-6. 
I. of., I - It 
J. 0 
I. fluorescent intensity 
J. 
It has been shown< 43 ) that the effective incident intensity term I 
0 
consists of a combination of fundamental factors which can be represented 
by k.C./u. Thus: 
J. J. I 
••• 2-9 
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d 
c. 
1 
k. 
1 
p 
= sample thickness 
concentration of element 
constant 
effective mass attenuation coefficient 
P1cos¢1 + P2cos¢2 
ｾ Ｑ＠ and ¢2 = incident and take-off angles, measured 
with respect to the surface 
p1 and p2 = mass attenuation coefficients for incident 
and fluorescent radiations. 
Particle size and film thickness effects 
For thin samples of either continuous film where intensity is 
proportional to mass/unit area independent of sample matrix, (e.g. 
evaporated metal deposit), or a layer of small particles, rrd is very 
small and by series expansion, exp(-pfd) ｾ＠ 1 - ppd. Thus, equation 2-9 
reduces to: 
I. = k.C.Pd 
1 1 11 
••• 2-10 
Equation 2-10 holds within 5% for ppd < 0.1. ffd represents the total 
mass attenuation coefficient multiplied by the mass/unit area of the 
matrix. This is the thin film criterion for particles of negligible size. 
This theory assumes homogeneous samples, corresponding to a filter 
collecting material on its surface only. For the type of filters 
routinely used by the Factory Inspectorate, Millipore type AA, 0.8 pm 
pore, 25 mm diameter, this is approximately true. With depth filters such 
as glass fibre, penetration into the filter does take place and the 
particles have a distribution through the filter which some authors have 
attempted to quantify.< 21 ) 
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Hunter and Rhodes ( 19 ) produced the following expression for the 
fluorescent intensity from a monolayer: 
If = I Gwo- WmF 
o pe a 
I primary flux at sample surface 
0 
G = geometrical constant 
w = fluorescent yield for transition excited 
••• 2-11 
ｾ＠ photoelectric cross-section for that transition at source pe 
W mass fraction of fluorescent element in particles 
m mass/unit area 
••• 2-12 
linear attenuation coefficient for incident 
and fluorescent radiation respectively 
f(a) = particle size distribution for particle diameter a 
a1 and a2 are maximum and minimum particle diameters in the distribution. 
In practice, assumptions have to be made about the particle size 
distribution. However if a mean particle diameter is assumed, or the 
sample is fractionated by means of a cyclone or similar device, the 
equations can be simplified. For a single particle size, 
ＨＱＭ･ｸｰＨＭ＼ｲ［ＫｰｾＩ｡ＩＩ＠
I thin ( p'1 +p'2) a 
••• 2-13 
assuming Ith' = I ｇｷｾ＠ Wm = intensity observed from a sample of 
ｾｮ＠ o pe 
negligible particle size obeying the thin film criterion. 
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Dzubay and Nelson (21 ) treat thin layers and monolayers of coarse 
particles as separate cases, where I=I(thin)A , A=attenuation factor. 
If the thin specimen criterion is exceeded, 
••• 2-14 
m1 mass per unit area of sample 
Here, e and 6' are the angles between incident and fluorescent radiation 
respectively and the normal to the surface at the point of incidence (as 
opposed to angles of incidence and fluorescence with the horizontal 
surface in previous examples). 
Dzubay and Rickel (1?) modify this equation slightly to account for a 
fraction f of the filter not covered by deposit due to, for example, a 
grid pattern from the filter support. 
A = [ 1 - exp( -p1m1/f) ]_f_ 
'JlLIDL 
••• 2-15 
Dzubay and Nelson (21 ) have written a computer program to calculate the 
attenuation factor for spherical particles. 
A(sphere)=L__[Y2-2+(2Y+2)exp(-Y)][exp(-KY(e+e')2 )] ••• 2-16 
2Y3 
K 4 X 10-6 (deg)-2 
Y <r1+P2)ap 
This expression can be integrated for a particle size distribution. 
Pradzynski and Rhodes have a more simplified approach to the particle 
size problem. They treat a monolayer of particles, diameter a, as a layer 
of thickness a, 
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I S m P 
X X X X 
I intensity for element x 
X 
S sensitivity factor for element x 
X 
m mass/unit area for element 
X 
p 
X 
1 - ex:p(- ( p1 +p2)p a) 
< f1 +r2)pa 
••• 2-17 
In the above cases, normal incidence of radiation is assumed unless 
otherwise stated. If incident and take-off angles Ｈｾ Ｑ＠ and ¢2 ) are used, 
p1 is replaced by p1cosec¢1 and p-2 by p2cosec¢2• 
Criss (20) has derived equations for particle size corrections. A 
simplification of the original equation assuming a single effective 
incident wavelength is given by 
A ••• 2. 18 
This is simplified even further to give 
A 1 
---
(1+ba) 2 ••• 2-1 9 
b 2 X 1 0 -5f ( ?1 +p2) 
If more than one element is present in the particle, mass attenuation 
coefficients f1 and r2 are given by 
P = ｾ＠ Piwi 
fi = mass attenuation coefficient for element 
at particular wavelength 
W. = mass fraction of element in particle. 
l. 
The above equations for particle size effects can be summarised: 
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(1) Pradzynski and Rhodes 
(2) Dzubay and Nelson 
A2=L__[Y
2
-2+(2Y+2)exp(-Y)][exp(-4x10-6Y(e+e')2)] 
2Y3 
Y = <y1+f2)pa 
(3) Criss 
(4) Simplified Criss 
A = 1 4--
(1 +ab) 2 
b = 2x1o-5p<r1+f2) 
Example: for lead oxide, PbO, and following typical parameters: 
a=1rm, ¢1 = 63°, ¢2 = 40° 'Aeff = 0.710 A (Mo ｋｾＩ＠
ｾｦ＠ = 0.982 1 (Pb Lp) 
A1 = 0.884; A2 = 0.899; A3 = 0.904; A4 = 0.906 
The agreement between all four equations is within 2%. 
The concept of effective wavelength is introduced to simplify 
calculations requiring the wavelength of incident radiation. A wavelength 
must be chosen to represent the X-ray continuum. Because of their 
intensity, the characteristic lines from the X-ray tube are more 
efficient than the continuum for exciting fluorescent radiation from the 
sample provided they are of higher energy (shorter wavelength) than the 
absorption edge of the line they are trying to excite. Thus the strongest 
of these lines is taken to be the wavelength of the incident radiation. 
However, if the main characteristic lines from an X-ray tube are of lower 
energy (longer wavelength) than the absorption edge of the fluorescent 
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element and therefore cannot excite characteristic radiation, a value of 
2/3 times that absorption edge can be used to represent an effective 
incident wavelength in calculations, where a single figure is necessary. 
This figure is derived from an expression representing the efficiency of 
a given wavelength ｾ＠ in the tube spectrum in exciting a wavelength 
from element i( 27 ): 
c (A\ ) = 11 • (A) ｾ＠ ..t:l:--
where: 
rw.oc. j J J 
C = efficiency factor 
Pi = mass attenuation coefficient of element i at wavelength A 
L 
. ｷＮｾＮ＠ represents the total specimen absorption 
- J J J 
taking into account primary and secondary absorption within the 
sample. 
d..= u.(A) ＫａｵＮＨｾＮＩ＠
J I J I J ｾ＠
where u.(A) and r·<\.) are mass attenuation coefficients for IJ J ｾ＠
element j in the matrix at primary beam wavelength 
and secondary beam wavelength ｾＮ＠ respectively, 
ｾ＠
A is a geometric constant equal to sin¢1/sin¢2• 
¢1 and ¢2 represent incident and take-off angles of the X-ray 
beams to the surface of the sample at the point of incidence. 
W. =mass fraction of element j. 
J 
ｾＮ＠
ｾ＠
If the factor ｃＨｾａＮＩ＠ is plotted against wavelength of incident radiation, 
ｾ＠
a maximum is observed at a position equivalent to about 2/3 the 
wavelength of the absorption edge of the element i. Thus when the 
characteristic tube lines are of too low energy to excite a given 
element, this approximation is valid. 
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Practical tests have been carried out on these formulae by various 
authors. Wagman et al (22 ) tested the Criss approximation using Ptr4 
aerosol generated using a spinning disc generator from a solution in 
ethanol. Their negligible particle size samples were vacuum evaporated 
films of Pt and KI on mylar film. Holynska and Markowicz (23 ) tested the 
Rhodes-Hunter model for Fe3o4 and Cu2s and various mixtures of the two. 
They sieved the particles, suspended them in water and filtered them 
through millipore filters. On the assumption of spherical particles, CuS 
gave good agreement with theory, but a systematic discrepancy was 
observed with Fe3o4• This could be due to the particles being magnetic 
and sticking together. With this, as in other papers, the drawback to 
practical use of such corrections was due to the particle-size 
distribution not being known in real samples. 
The main application of particle size effect calculations has been in the 
selection of fine particulates to make standards. The Criss (simplified) 
formula can be used to find the particle size for which the fluorescent 
intensity per unit mass is reduced by a certain percentage (e.g. 5% or 
10%) from that obtained from particles of negligible size. Thus errors 
due to particle size effects in calibration standards can be minimised. 
Fig. 2.6 shows a plot of S./S . against particle diameter a, using the 
1 01 
simplified Criss formula, for both Cd ｋｾ＠ and Cd ＱｾＮ＠ S./S . represents the 
1 01 
ratio of the fluorescent intensity due to the sample of particle diameter 
a to the intensity due to a sample of negligible particle size. This 
shows clearly the different degree of reduction in intensity with 
increasing particle size. 
35 
0.2 
0 2 
Fig 2.6 
Fig 2,7 
4 6 8 10 12 
Particle diameter (pm) 
ｾｴｴ･ｮｵ｡ｴｩｯｮ＠ factor TS particle ｳＱｾ･＠ for 
antimony Ko£. and Lex. 
Condition for diffraction of X-rays 
36 
'-t . a oms J.n 
lattice 
Itt!' 
2.3.3 Computer Programs 
To cope with the routine calculation of particle size effects, thin film 
limits and critical depth, computer programs have been developed. These 
were written in Fortran, and run on the Cricklewood Laboratory PDP-11/44 
computer, which also controls the X-ray diffraction equipment. The source 
codes may be found in the Appendix. 
2.3.3.1 Particle size effects (PSI) 
This program uses the simplified form of the Criss equation as defined 
above. The program sets S./S . to 0.95 to give a 5% reduction in 
1 01 
intensity, then to 0.90 to give 10%, and calculates the related particle 
·· diameter in microns. 
To use the program it is necessary to supply the following information: 
wavelength of fluorescent radiation; absorption edge for fluorescent 
element if fluorescent wavelength is less than 0.71 A for a Mo tube or 
2.291 X for a Cr tube; density of compound; either atomic number and 
number of atoms of each element in compound or atomic number and weight 
percentage of each element in compound. 
2.3.3.2 Thin Film Calculation (FIL) 
For a deposit not to exceed the thin film criterion, intensity must be 
proportional to mass per unit area to within 5%. This is represented by 
the expression fpt<0.1. In this expression the factors are defined as 
follows: 
r = r1 cosec¢1 + p2cosec¢2 where f 1 =2: fi wi, p2= L ffwi 
t =mass/unit area of compound on filter 
fi' ff = mass attenuation coefficients at incident 
and fluorescent wavelengths 
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W. = mass fraction of element i 
ｾ＠
ｾ Ｑ Ｌﾢ Ｒ＠ =incident and take-off angles respectively. 
2.3.3.3 Critical Depth (MAS) 
The critical depth for fluorescent X-rays is the depth beyond which the 
intensity is independent of sample thickness, and depends only on 
concentration. 
D = 4.6 sin¢2 
rf 
Information required to run this program is: the wavelength of 
fluorescent radiation; atomic number and number of atoms of each element 
in the compound (or atomic number and weight percentage); density of 
compound. 
The mass attenuation coefficients for elements up to lead in the periodic 
table for a range of wavelengths (see standard tables (33 )) are stored in 
a direct access file which is read by the program. 
2.4 X-Ray Powder Diffractometry 
This technique is a part of the wider field of X-ray crystallography 
which developed from von Laue's experiments in 1913 which demonstrated 
the wave characteristics of X-rays and the regular internal atomic 
structure of crystals. Crystallography in general is concerned with 
structural analysis, powder diffractometry being used for identification 
and quantification of phases, and particle size determinations. 
Nearly all substances have some degree of order to the arrangement of the 
atoms in their structure. As far as X-ray diffraction is concerned, 
fluids and glassy substances cannot be defined as crystalline and give 
broad maxima at one or two angles, but probably up to 95% of solids will 
give some sort of diffraction pattern. The nature of solids is such that 
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each has a unique arrangement of atoms, and no two substances have the 
same set of crystal spacings. Thus it is possible to identify a substance 
by its unique X-ray diffraction pattern. 
When a parallel beam of monochromatic X-rays strikes a crystal, 
scattering takes place in all directions. Diffraction maxima can only be 
obtained in a certain direction where the path length difference between 
a ray diffracted from one plane and one diffracted from another parallel 
plane is a whole number of wavelengths, i.e. the rays are in phase. Fig. 
2.7 shows this geometry, where 2x must equal a whole number of 
wavelengths. The X-rays emitted from all atoms lying in a single crystal 
plane must also be in phase, this being true if the incident, diffracted 
· and normal to the surface are all in the same plane, and angle of 
incidence equals angle of reflection. 
In diffraction work, as in fluorescence, the Bragg equation is used: 
n ｾ＠ = 2d sin e 
However here, unlike the case of the analysing crystal used in 
fluorescence measurements, the d-spacing is the unknown which is 
required, the wavelength being fixed as that of the X-ray tube 
characteristic radiation. 
In powder diffractometry, the sample consists of many small crystallites. 
Only those having their reflecting planes parallel to the surface of the 
specimen produce a diffraction pattern which can be detected by the 
counter because of the geometry of the system. Thus care must be taken to 
obtain a homogeneous sample representing the whole. Preferred orientation 
effects can occur when the sample contains particles of a plate-like 
nature. Sample spinners can be employed to help avoid inhomogeneities. 
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2.5 Types of Error 
It is generally accepted ( 2?) that two main types of error exist in X-ray 
spectrometry: random errors and systematic errors. Errors due to 'wild' 
results are also encountered. If a measurement is repeated many times and 
a graph of frequency of occurrence vs. result is plotted, a distribution 
is obtained which is spread about a mean value. If this value corresponds 
to the 'true' value, only random error exists, and the spread of the 
distribution is a measure of the precision of measurement. If the .'true' 
result and the mean of the observed distribution are different, then both 
random and systematic error exist. The difference between these results 
is a measure of the accuracy of the results. Thus a reading can be 
· precise (i.e. repeatable) without being accurate. 
Systematic Errors 
These can occur due to operator error, instrumental error and sample 
preparation. With well calibrated automatic systems, the first two 
sources can be minimised, but errors due to sample preparation can occur. 
Particle size and film thickness effects, plus uneven and inhomogeneous 
samples all contribute to systematic errors, and these can be minimised 
as discussed previously. 
Random Errors 
Instrumental fluctuations can be minimised as a source of random errors, 
as stable X-ray generators (to about 0.05%) are in use and mechanical and 
electronic components such as the goniometer, analysing crystal, pulse 
height selector etc. rarely have errors in excess of 0.1%. Thus the main 
source of random error can be said to be counting statistics. 
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For a large number of results, the distribution follows a Gaussian 
distribution. The standard deviation, ｾ＠ of a number of counts, N, is 
given ｢ｹｾ＠ = N1/ 2 
For a Gaussian or normal distribution, 68.3% of an infinite series of 
measurements of N lie within ｎｾｾ＠ where N is the mean value. Similarly 
92% lie between ｎＫＲｾ＠ and 99% lie between ｎｾｾ＠
The percentage standard deviation is given by: 
cr % = N 1 / 2 X 1 00 
N 
= 100 = 
N1 /2 
where RT = count rate x time of counting 
· This expression refers to the total count rate, R for a particular 
spectral line (e.g. ｋｾＩ＠ for a particular element. In practice, however, 
measurements are taken on the peak, and at a position 0.5 to 1 degree to 
one (or both) sides of the peak to represent the background under the 
peak, which cannot be measured directly. Thus R is usually a combination 
of the count rate measured over the peak, R , and the count rate at the p 
background position, Rb. The general form of the relationship between 
ｾ･ｴＧ＠ Rp and Rb is given by: 
( o-'% )net 
where T = Tp + Tb 
100 1 
T1/2 N Ｍｊｾ＠p b 
••• 2-20 
This relationship depends on the fact that for optimal fixed time: 
T /T =(R /R )1/ 2 p b p b ••• 2-21 
so to optimise counting time, the time on peak and background should be 
spread according to this relation (known as the method of 'optimum fixed 
time'). However in practice, equal measuring times are normally used on 
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peak and background for the sake of convenience, without seriously 
affecting the counting statistics. 
Decision and Detection Limits 
A criterion must be defined to indicate if a signal is due to the 
presence of an element in a sample, or due to fluctuations in the 
background. There are two approaches to this problem, one giving an 
equation which can be used quickly to obtain a figure from one 
result( 2?), the other being based on the standard deviation of a set of 
blanks ( 15 ). 
The first method defines the detection limit as being the concentration 
to two standard deviations of the background count rate. 
where OCR ) = standard deviation of background count rate 
b 
and 6(N ) = standard deviation of total background counts. 
b 
In terms of concentration, 
where m = sensitivity in counts/sec/pg. 
In order to calculate the detection limit, two determinations are 
necessary (peak and background), so 
••• 2-22 
At the detection limit, Rp z Rb' therefore in equation 2-21, Tp ｾ＠ Tb and 
Tb is thus half the total counting time. From equation 2-20 it can be 
seen that as Rp approaches ｾＬ＠ standard deviation increases towards 
infinity. For example, the detection limit for lead is taken to be 0.3 
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pg. For a standard giving 0.37 fg on the calibration,' ｒｰ］ＲＷＲ｣Ｏｳｾ＠
Rb=238c/s, Tb=40s, which gives cr%=10.6%, which is acceptable. 
Another approach( 15 ) to the detection limit is to define a decision limit 
Cc and a detection limit CD. If a series of blanks are analysed, a 
distribution is obtained about the 'true' result of zero. The decision 
limit is defined as that measured concentration which is only exceeded in 
5% of blank measurements. In other words, there is a 5% chance of a blank 
sample appearing to contain the element. For a sample containing a 
concentration equivalent to the detection limit, the distribution is such 
that only 5% of measurements will be judged as blanks, or below the 
decision limit (see fig. 2.8). Assuming a Gaussian distribution, 
ｃ｣］ＱＮＶＴｾ｡ｮ､＠ ｃｮ］ＳＮＲＹｾ＠ These are equivalent to relative standard 
deviations (RSD) of 61% and 30% respectively. In order to determine ｾ＠
in practice for a particular element, at least 10 blanks are analysed 
under the same conditions as the samples. The net count rate is measured, 
ｾ＠ being the standard deviation of the results. 
For the purposes of this work, the values ＳＮＲＹｾ｡ｮ､＠ ＱＮＶＴｾ｡ｲ･＠ taken to 
calculate detection and decision limits, with (3/m)(Rb/Tb)(1/ 2 ) used when 
less than 10 blanks were analysed. 
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Fig.2.8 Illustration of the meaning of decision 
limit (CC) and detection limit (CD) 
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CHAPrER 3 INSTRUMENTATION AND ANALYTICAL CONDITIONS 
3.1 X-Ray Fluorescence Spectrometry: Wavelength-dispersive 
The main instrument used for this work was a Philips PW1450/20 X-ray 
spectrometer with automatic sample loading facility for up to 60 samples. 
The geometry is shown in fig. 3.1. Some work was also carried out on a 
PW1410 manual spectrometer. 
Choice of Analytical Parameters 
The X-ray tube is a side-window type, consisting of a glass tube body 
inside an oil filled metal shield. The window is made of 1mm thick 
beryllium metal. A variety of anodes are commercially available, and the 
laboratory possesses a molybdenum (Mo) and a tungsten (W) tube to fit the 
PW1450, and a chromium (Cr) tube in the PW1410. These tubes are 
interchangeable if necessary. The maximum tube loading in each case is 
3kW. However the tube changing procedure is fairly long, as it involves 
disconnecting water supply and HT leads inside the spectrometer. Because 
of this it should only be done when absolutely necessary. A closed 
circuit water supply is used to cool the system, maintaining a pressure 
of approximately 80 psi. 
Optimisation of conditions for analysis involved selecting a tube which 
was most suitable for the range of work carried out by the section. Two 
types of mask which would be used to mount filter samples were also 
available, aluminium and molybdenum. A mask consists of a pair of metal 
discs with a circular hole in the middle between which the filter sample 
can be placed before mounting in a sample cup. The diameter of the 
central hole is such that the 25mm diameter filter is supported around 
its circumference without masking any of the 22mm diameter sample 
deposit. This can be made of any metal available which is rigid enough at 
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thicknesses of less than 1mm, and is easily cut to the prescribed shape. 
However selection is governed by several factors which are discussed 
below. 
Before establishing a long-term calibration, the best combination of 
tube, mask and beam limiter must be found. The beam limiter is an 
aluminium plate with holes of a specific geometry which is placed in 
front of the secondary collimator. Its design is such that it restricts 
the effective area of the sample irradiated by the collimated beam. Beam 
limiters were available to produce 26mm and 40mm diameter beams. A 
programme of work was carried out, the results of which are shown in fig. 
3.2. 
Four filter standards were selected, containing known amounts of lead, 
iron, silicon and cadmium, which covered the range of the spectrum where 
routine analysis takes place. For the Mo tube, peak and background counts 
were measured using standard conditions (see later) for both 26mm and 
40mm beam limiters, aluminium and molybdenum masks. Molybdenum masks were 
originally chosen so that fluorescent radiation from the mask material 
coincided with tube X-rays. For the W tube, only aluminium masks were 
considered, since the presence of both molybdenum and tungsten lines in 
the spectrum would cause too many interferences. Tungsten masks could 
not be produced satisfactorily as the metal was unsuitable for cutting to 
the shape required. 
For this work, the figure of merit by which all conditions are compared, 
is taken as JRP- JRb where Rp = peak count rate, Rb = background count 
rate. This comes from a derivation (3B) of the relative standard 
deviation in RP - Rb when optimising counting times. 
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Fig. 3.2 
Figure of Merit and Detection Limit Calculations 
Figure of Merit (FOM) = JRP - JRb 
Detection Limit (DL) 
=3J. 
--b 
m Tb 
Rp and Rb in counts/sec, Tb in sec, m in counts/sec/pg 
Tube Power Beam Mask Standard Line FOM DL 
kV/mA Limiter(mm) (pg on filter) 
Mo 60/45 40 Al Pb, 38.5 Lp 16.87 0.37 
Mo 60/45 26 Al II ｌｾ＠ 17.50 0.30 
w 70/35 40 Al II L' 10.45 0.68 
'!3 
w 70/35 26 Al II Lp 11.69 o. 51 
Mo 60/45 40 Mo It L/J 16.05 0.40 
Mo 60/45 26 Mo II Lp 17.33 0.30 
Mo 60/45 40 Al Fe, 271 .1 ｾ＠ 165.36 0.05 
Mo 60/45 26 Al II ｾ＠ 149.71 0.06 
w 70/35 40 Al It Koc: 296.35 0.02 
w 70/35 26 Al " Kct. 273-50 0.02 
Mo 60/45 40 Mo II Ku! 160.79 0.06 
Mo 60/45 26 Mo " Koe. 145.53 0.06 
Mo 60/45 40 Al Si, 40.6 ｾ＠ 8.53 0.59 
Mo 60/45 26 Al " Kot. 8.24 o. 51 
w 70/35 40 Al II Koc: 15.05 0.29 
w 70/35 26 Al " K<i 14.05 0.26 
Mo 60/45 40 Mo " Kct. 7. 21 0.85 
Mo 60/45 26 Mo " KO( 7-76 0.59 
Mo 60/45 40 Al Cd, 200 Llll 51 .12 0.20 
Mo 60/45 26 Al II Lot 48.66 0.17 
w 70/35 40 Al II ｌｾ＠ 84.70 0.11 
w 70/35 26 Al " Lo£ 80.89 0.10 
Mo 60/45 40 Mo II L« 48.72 0.25 
Mo 60/45 26 Mo II LQ( 47.19 0.19 
Mo 60/45 40 Al Cd, 200 Kot. 23.28 1. 46 
Mo 60/45 26 Al II Ko( 27.03 0-99 
w 70/35 40 Al " Kot 35.41 0.94 
w 70/35 26 Al " KO(. 41.09 0.60 
Mo 60/45 40 Mo " Koc 29.65 0.81 
Mo 60/45 26 Mo " Koe. 28.35 0.85 
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where T = TP + Tb, total counting time. 
It can be seen that for the relative standard deviation to be a minimum, 
JR -JR should be as large as possible. p b 
Looking at the table (fig. 3.2) it can be seen that the figure of merit 
is greatest for the W tube for all standards except lead. However, as 
lead is one of the most frequently analysed elements in the routine work 
of the section, and the W tube characteristic lines occur in the region 
of the measured lead L lines, it was decided to opt for the Mo tube. 
Considering only figures of merit for the Mo tube, it can be seen that 
• • ＱＮﾷｾﾷ＠ : 
for every case except lead, the 40mm beam limiter gave the largest figure 
of merit. (Its use is also confirmed in the iris experiments; see below). 
3.1.2 Choice of Beam Limiter 
Although the optimum beam limiter size could be selected using the figure 
of merit considerations above, another factor must also be considered. 
When a sample is presented to the spectrometer, it may not be evenly 
distributed throughout the area upon which the beam impinges. Therefore, 
it is important that the X-ray intensity from the sample reaching the 
detector is constant across the diameter of the beam. The spectrometer is 
normally calibrated using evenly deposited standards, but there is no 
guarantee that subsequent samples will have the same distribution, so the 
calibration may be inappropriate. 
To test this aspect of the spectrometer, an experiment was set up using 
an adjustable iris with an aluminium disc inside it, supported in a 
sample cup so that its surface was as near as possible to the level of 
the base of the cup. The iris was calibrated using a travelling 
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microscope to give 11 diameter settings from 2.4mm to 27.6mm. Peak and 
background counts were accumulated for 40 sec at the aluminium ｋｾｬｩｮ･＠
using Mo tube with power setting 60kV/45mA, and employing a 
penta-erithritol (PE) analysing crystal, a flow detector and coarse 
(450pm) collimation. This was · repeated for each of the 11 diameter 
settings and 26mm and 40mm beam limiters. Graphs of counts/sec vs. area 
of aluminium exposed are shown in fig. 3.3. This experiment monitored 
the variation in intensity of the X-ray beam across its diameter. The 
graphs clearly show that the intensity of X-rays impinging on the edges 
of the sample is reduced more by the 26mm than the 40mm beam limiter. If 
the linear part of the count rate vs area graph is extrapolated to an 
area equivalent to 22mm diameter on both graphs (the area of the sample 
filter), we can measure how much effect each beam limiter has compared 
with an ideal beam whose intensity is even across the whole of its 
diameter. For the 26mm beam limiter, a 40% reduction is observed, if the 
difference between the linear extrapolation and the curve is calculated 
as a percentage of the projected counts/sec on the linear response. For 
the 40mm beam limiter, this is only 12%, so the tailing off of intensity 
at the edges of the sample is far less severe. It should also be noted 
that the slopes of the linear part of each graph are approximately equal. 
Although in the above section it was mentioned that lead was one of the 
important analytes and the figures of merit indicated that the 26mm beam 
limiter was better for this element, it was felt that the 40mm should be 
used. There was not a great deal of difference between the figures of 
merit for 26mm and 40mm beam limiters, and as many samples were submitted 
deposited unevenly on the filter, it was felt that a truer response would 
be obtained if the beam was of even intensity over as large an area as 
possible. 
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3.1.3 Analysing Crystals 
Bragg's Law is given by: 
nA = 2dsin9 
where ｾ＠ = wavelength of diffracted radiation 
d = crystal spacing 
e incident angle of radiation 
The resolution of the spectrometer depends on the angular dispersion of 
the crystal and the shapes of the line profiles.C 2?) Angular dispersion, 
d9 n dr -2d __ c_o_s_e 
is calculated from Bragg's law. Thus angular dispersion increases with 
decreasing d-spacing of the analysing crystal. The line profile is 
governed by the collimator spacing and the line broadening effects due to 
the analysing crystal. Spacings in the instrument used are 150fm and 
450pm respectively for fine and coarse collimators. 
A crystal can be considered to consist of many small blocks or regions of 
atoms, each having the same crystal structure but slightly mis-aligned 
with respect to the others. If the crystal were perfect, i.e. made up 
of perfectly parallel blocks, extinction effects would be observed by the 
diffraction of X-rays from the underside of upper blocks of the structure 
which have previously been diffracted by a lower block. The slight 
mis-alignment of these blocks leads to broader line profiles, but better 
intensities. 
Crystals must be selected to minimise the angular dispersion, while 
having a d-spacing sufficient to diffract at the angle required. Because 
of this, a range of crystals has been fitted in the spectrometer. These 
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include Lithium Fluoride 200 (LiF200 ), Lithium Fluoride 220 (LiF220 ), 
Germanium, Penta-Erythritol (PE) and Thallium Acid Phthalate (TlAP). The 
d-spacings for these crystals are as follows: LiF200 4.028A, LiF220 
2.848A, Ge 6.532!, PE 8.742A and TlAP 25.75A. 
Detectors 
The PW1450/20 has both a gas-flow proportional counter for longer 
wavelengths, and a scintillation detector for shorter wavelengths. Fig. 
3.4 shows the variation of relative counting efficiency with atomic 
number for the two counters. The gas flow proportional counter contains a 
90% argon-10% methane mixture. Each output pulse produced by ionisation 
of the counter gas by incoming photons is proportional to the energy of 
the photon. 
The scintillation detector consists of a sodium iodide crystal doped with 
thallium, which converts the energy of the X-ray photon to light pulses. 
A photomultiplier converts and amplifies these pulses, and the size of 
the output pulse produced is determined by the energy of the original 
photon. 
Pulse height selection is used to cut down on background and to 
discriminate against high order reflections; i.e. voltage pulses between 
certain limits only are counted, and unwanted radiations can be 
eliminated. This is particularly effective at longer wavelengths, where 
much more of the background is due to higher order reflections. 
Other Instrumental Conditions 
Some of the basic conditions of analysis were identical for all elements, 
e.g. sample loading, while others had to be dete.rmined for individual 
elements, e.g. analysing crystal, pulse height analyser (PHA) setting. 
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Selection of FHA Setting 
This is governed by the energy distribution of the X-rays at a particular 
angle. It is required to include all the radiation from a given element 
while excluding any higher order radiation and general background. Thus a 
plot of photon energy vs. intensity must be obtained. This can be done 
automatically on the equipment used in this work. Basically, a narrow 
window is set on the discriminator which begins at the lowest energy 
setting and then steps in intervals of 2% of maximum energy setting, 
plotting the X-ray intensity. If the detector high voltage is set 
correctly, the peak intensity for a chosen element should occur in the 
centre of the PHA range. The window setting for the analysis can then be 
set to bracket this peak as closely as possible, excluding unwanted 
radiation. 
3.1.6 Selection of X-ray Tube Power 
In all the analyses, a tube setting of 60kV and 45mA was used. A range of 
combinations are available in the software options for the PW1450, as 
long as the power does not exceed the 3KW maximum loading on the tube. As 
seen in Chapter 2, the minimum wavelength which can be excited in the 
tube anode for a given tube yoltage, V
0 
(in kV), is 
ｾｭｩｮ＠ "'12.4 
- -v-
o 
This can be used as a rule-of-thumb when deciding whether a particular 
line will be excited. For a Mo tube operated at 60kV, this gives 
A. =0.207 A. The maximum intensity of the continuum occurs at about 
mm 
0.414 A, or 2 X . • Lines which occur at wavelengths less than 2 ｾ＠ . 
mm mm 
are not really sensitive enough to be used in quantitative work, so the 
heaviest element whose K-lines can be usefully seen is antimony, with a 
K-shell binding energy of 30.486 keV. Barium K-lines (binding energy 
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37-410keV) can be observed at 60kV tube voltage, but analysis is more 
satisfactor,y when carried out at a tube voltage of 70kV. 
The binding energy of an electron is the minimum energy required to 
produce an electron vacancy in a given shell, and thus produce 
characteristic X-ray emission. The photon from the tube must have an 
energy at least equal to the binding energy of the electron it has 
ejected. e.g. for copper, the binding energy of a K-shell electron is 
8.978 keV, therefore the incoming photon must haye an energy of at least 
this. However for lead, the binding energy of a K-shell electron is 
88.001 keV. Thus it can be seen that if the tube is operated at 60kV 
(thus 60keV electrons reach the tube target), lead ｋｾ＠ lines cannot be 
1 
excited, but copper ｋｾ＠ lines can. However the lead 1-lines are in a 
1 
convenient part of the spectrum for measurement so it is not essential to 
generate lead K lines. 60kV was considered an adequate voltage for 
excitation of at least one series of lines of all elements likely to be 
encountered in routine work. 
The tube filament current governs the intensity of the X-rays produced by 
the tube. Thus to maximise this, a power level just below the maximum for 
the tube was used, 45mA, giving a power of 2.7 kW. 
3.1.7 Selection of Suitable X-Ray Emission Lines 
The main aim in quantitative analysis is to maintain a balance between 
resolution and sensitivity. The first priority is to obtain sufficient 
sensitivity, then optimise the resolution as far as possible. The ｋｾ＠
lines are generally more intense than the others. This can be explained 
by the fact that fluorescent yield values for L-lines are always less 
than those forK-lines. This is because the probability of Auger electron 
emission increases with decrease in the difference between energy states 
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of transitions. (E1-EK is greater than ｾＭｅ Ｑ Ｌ＠ etc.) Thus it is logical 
to examine the ｋｾ＠ doublet first to see if this would be suitable. 
1,2 
Obviously for heavier elements it is not possible to excite the K-lines 
with the given tube conditions, so the L-lines would then be considered. 
The most intense line of the series selected must then be checked for 
possible interferences. Tables(3g) can be consulted for this purpose, 
which list lines in angle order for various crystals. The analyst must be 
able to judge which of the lines close to the selected one are likely to 
be encountered in practice, taking into account how frequently the 
interfering element is likely to be present, its intensity relative to 
the main line in its series, and its reflection order. Higher order 
lines are generally less intense than lower order, so the higher the 
order, the less of an interference problem they will be. If the degree 
of interference seems real, the next most intense line in the series must 
be considered, e.g. ｋｾＮ＠ Once a line is selected, a standard should be 
1 
scanned in order to select a suitable angle for background measurement. 
The same procedure should be repeated around the proposed background 
angle to check for interferences. If the background around the peak is 
sloping, two background angles either side of the main peak should be 
selected. 
3.1.8 Counting time 
Two options for automatic measurement are available; fixed counts or 
fixed time. For fixed counts, counting is continued until a set number of 
counts is accumulated. However, if a range of samples with widely 
varying concentrations is measured, extremely long counting times for 
very low levels will result. Thus for reasonable sample throughput in 
routine analysis, fixed time counting is more realistic. 
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In chapter 2 under detection limits, it was stated that the relation 
holds for the optimum relation between run times for sample and 
background. Near the detection limit, TP ｾ＠ Tb. In practice, counting 
times on peak and background are set equal for convenience. 
3.1. 9 Sample Loading 
The cups used to load the samples are standard stainless steel sample 
cups which fit into the 60 position sample changer. Each has an aluminium 
insert, to prevent fluorescent radiation from the steel interfering with 
the sample. Filters were sandwiched between molybdenum masks having a 
diameter exposed to the beam of 22mm (see fig. 3.5). Molybdenum was used 
(see above) because a Mo tube was used, to minimise background lines. 
The molybdenum was available from Goodfellow Metals Ltd, in a highly pure 
form, very thin (approximately 0.2mm thick), and it was possible to have 
masks made to a specified design by a chemical etching process. 
3.1.10 Ratio Standards 
Routine aerosol filter analysis is carried out on the PW1450/20 
spectrometer in batches of three samples plus one "ratio standard" in a 
four-position turret. The ratio standard is a solid block made of stable 
high temperature araldite, containing known quantities of compounds of 
all elements routinely analysed. This is cast in a mould of a size which 
will fit into a sample cup. The computer program used to run the 
spectrometer measures the ratio of the count rate from each sample to the 
rate from the ratio standard for each element. This procedure overcomes 
any instrumental drift which may occur. 
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Standards have also been made using Plaster of Paris mixed with the 
compounds and moulded in the same way. 
3.2 X-Ray Fluorescence Spectrometry: Energy Dispersive 
The energy-dispersive X-ray fluorescence spectrometer in the laboratories 
at Cricklewood is a Meca 42-10 from Link Systems. 
Excitation of the sample is again by means of X-radiation, but from a 
rhodium tube in this case. However the fluorescent X-rays are detected 
with a solid state (Si(Li)) detector which is composed of highly pure 
silicon treated with lithium to de-activate impurities in the crystal 
structure which can give rise to residual conductivity. An X-ray photon 
entering the detector interacts mainly by photo-electric interaction 
producing an energetic electron which creates further ionisation which is 
proportional to the energy of the incoming photon. These electrons are 
collected by an applied voltage, and the output charge produced is 
proportional to the energy of the original photon. A multichannel 
analyser sorts these events according to their amplitude and thus records 
a spectrum for the whole energy range. The detector is liquid-nitrogen 
cooled to reduce thermal noise in the output signal. 
This system is much faster than the wavelength-dispersive system for 
qualitative scans. This is because all energies can be monitored 
simultaneously and the overall detection efficiency is much greater, 
whereas wavelength-dispersive analysis involves scanning through the 
angles sequentially looking at each peak in turn, and the geometrical 
efficiency is of necessity very low. However, resolution of a Si(Li) 
detector is not generally as good as the wavelength-dispersive system. 
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The Link system has a software package which enables spectrum storage on 
floppy disk, with various calibration and correction procedures. At 
Cricklewood it is used in conjunction with the Philips PW1450/20 
wavelength-dispersive spectrometer, mainly as a qualitative tool. 
3.3 X-Ray Powder Diffractometry 
The instrument used for X-ray diffraction (XRD) work was a Philips PW1050 
diffractometer with PW1130 generator. This is controlled by a DEC 
PDP-11/44 computer, the software having been developed at Cricklewood for 
routine quartz analysis for the Factory Inspectorate. The equipment is 
fitted with an automatic sample changer with a capacity for 35 samples 
which can be run overnight. 
3.3.1 X-ray Tube 
The tube used in this work is a copper-anode broad focus tube, consisting 
of a metal body containing the target and four window ports. The outer 
glass section supports and isolates the cathode, and the anode is at 
earth potential. The X-rays produced pass out of four beryllium windows. 
3.3.2 Production of Monochromatic Radiation 
To achieve optimum results in this type of analysis, it is best to use 
monochromatic radiation. An X-ray tube will produce characteristic X-rays 
from the target, plus a continuum of radiation. In order to use only one 
characteristic tube line, e.g. the Cu ｋｾ＠ in this case, three main methods 
of monochromatisation are available. 
(i) The use off filters. The plot of variation of mass absorption 
coefficient with wavelength is seen to contain sudden changes for a 
particular element, known as absorption edges (see previous chapter). If 
an element whose absorption edge lies between the ｋｾ＠ and Kf lines from 
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the tube is used as a f filter, it will absorb the higher energy 
radiation asK -electrons in the f filter material can be excited by the 
incoming radiation, whereas the slightly lower energy radiation of the ｋｾ＠
tube line is insufficient to excite and so passes through the f filter. 
The disadvantage of this method is that continuum radiation to the short 
wavelength side of the f filter absorption edge also passes through 
raising the background. 
(ii) Pulse height selection (see XRF section) can be used on its own, but 
is more effective in combination with a filter. 
(iii) The monochromatisation technique used in this work is the crystal 
monochromator. This can be looked on as a simple spectrometer. A graphite 
crystal placed between specimen and detector diffracts X-rays from the 
specimen, and is so arranged that the angle of incidence of the radiation 
leads only to the wavelength of radiation required reaching the detector. 
In combination with the slits selected, it can be arranged to admit 
either the Kcx:., alone, or K£lo!1 ,C>l2 doublet. 
3.3.3 Selection of Slits 
The geometry of the diffractometer is shown in fig. 3.6. The choice of 
divergence slit size depends largely on the goniometer angle, as the 
lower the angle, the smaller the slit required to irradiate the whole 
length of the sample. Fig. 3.7 shows the path of the incident radiation 
to the specimen. It can be deduced from this geometry, that sample length 
irradiated, s=p+q, where 
= 2R sine tan(e/2) 
s 2 2 2 
sin e - cos etan (p/2) 
Sample length s has been calculated over a range of 29 which includes the 
6-70° 26 region scanned in this work. A plot of sample length vs 0 26 is 
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shown in fig. 3.8 for divergence slits of 1/2°, 1°, 2° and 4°. It is 
necessary to choose a slit which irradiates the maximum length of sample 
over the range required. Although an automatically varying slit is 
available commercially (3?) to keep the same area exposed whatever the 29 
angle, this was not available at the laboratory when the work was being 
carried out. From the graph, it can be seen that definite regions occur 
where one of the available slits would be the best to use. The 1/2° gives 
maximum irradiation at 29 = 8°, the 1° at 15.5°, the 2° at 31° and the 4° 
at 66.5°. For automatic routine analysis of aerosol filters for which 
the technique would be eventually used, it is not practical to 
continually change slits as samples are often run overnight. Thus the 2° 
divergence slit was selected as being the most suitable. Although at low 
angles, some of.the incident beam is wasted, no other slit allows a 
reasonable length of sample to be exposed over such a wide range. 
For special one-off work where optimum irradiation is required throughout 
the scan, e.g. for very small samples, the slit is changed at intervals. 
The receiving slit is chosen so that its width corresponds to the width 
of the beam from the sample. For a broad focus tube with a take-off angle 
from the anode of 6°, this width is 0.2mm. Referring to fig. 3.9, i£ the 
slit is narrower than the beam width (b), sensitivity falls but 
resolution improves as radiation diffracted at angles either side of 29 
does not reach the detector. If the slit is much larger than the beam 
width (c), sensitivity increases marginally at the expense of resolution 
as radiation from angles greater and less than 29 passes through. To 
achieve larger slit widths than those receiving slits available, slits 
designed as scatter slits were used. 
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For qualitative work, it was considered more important to achieve the 
greatest sensitivity possible (considering the low levels expected) than 
optimising the resolution. Thus figures of merit relating peak and 
background intensities were calculated for the 0.2 and 0.3mm and 2° and 
4° receiving slits for two commonly analysed quartz lines, the 26.6° and 
the 60.0° (fig. 3.10). It can be seen that for the 26.6° line the figure 
of merit rises to a maximum for the 2° divergence/2° receiving slit 
combination indicating the best conditions under which to operate. 
Although this is not the case for the 60° line, the additional intensity 
achieved by using a 4° receiving slit is only marginal and is not 
considered worth the accompanying loss in resolution. 
3.3.4 Detector 
Three types of detector are available for use with the diffractometer: 
Geiger-Muller tube, proportional counter or scintillation crystal. In the 
equipment used in this work, a proportional counter is used. This 
consists of a metal tube with a very fine wire anode along the axis, and 
the outer casing is earthed. The counter is filled with a suitable gas 
(e.g. xenon) and when an X-ray photon enters the detector it causes 
ionisation of this gas. The electrons are accelerated towards the anode 
by an applied potential, and these energetic electrons cause further 
ionisation. The resulting increase in gain over the primary ionisation 
can be as high as 104 or 105 in a proportional counter. If this gas 
multiplication is not too high, the pulse of electrons reaching the anode 
is proportional to the energy of the incident photon, and thus pulse 
height discrimination can be used to select monochromatic radiation. If a 
higher gas gain is used, the detector becomes a Geiger counter and loses 
this proportional response. Although in the system used, a graphite 
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monochromator was fitted, it is useful to have other options for 
monochromatisation. 
3.3.5 Computer Program 
A program for quantitative quartz analysis was developed over a number of 
years at Cricklewood to cope with the large numbers of filter samples 
sent in by the Factory Inspectorate. This consisted of a qualitative scan 
over the range 28 = 6-70°, then quantitative analysis of four quartz 
peaks and one cristobalite peak using calibrations obtained previously 
from standards. Rather than write a new program to do qualitative 
analysis for the purpose of this project, it was decided to modify the 
existing program, so the following changes were made. 
1) The routines dealing with quantitative analysis were omitted. 
2) An extra option was added so that the scan speed on the qualitative 
scan could be varied. It was originally set at 2°/min, but insufficient 
sensitivity was obtained. The machine could be set to cover the range 0.5 
to 20°/min, and the speed used for the present work was 0.5°imin. 
3) An option was added to increase the scan speed for the aluminium peak. 
Counts are measured on a standard aluminium block at the beginning and 
end of a set of samples, and these figures were used to correct for 
deterioration of the tube. As this procedure is not as critical for 
qualitative scans, the speed was increased to reduce the total analysis 
time. 
Information produced by the program included: start and finish angles for 
each peak, and peak angle for tube used, d-spacing, peak heights, peak 
areas and relative intensities. 
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In the future, software will be installed which can interpret the 
diffraction patterns and suggest possible identification. 
3.3.6 Sample Loading 
A 35-position automatic sample changer was fitted to the goniometer. 
Sample filters were mounted on sample holders which had a 25mm diameter 
recess. A small amount of grease was applied to the lip around the 
recess, the centre of the support being cut away to minimise background 
scattering from the holder. The filter could then be carefully pressed on 
to it so that the edges adhered to the holder. 
3.4 Conclusion to Chapter 3 
Selection of analytical conditions is a very important procedure, and it 
was necessary to spend much time and effort on this work. Once these 
have been selected, they should be maintained throughout the course of 
the work in order to ensure consistent results. 
The next task was to produce suitable calibration standards, calibrate 
the instrument then run actual samples using these calibration constants. 
This procedure will be discussed in Chapter 4. 
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CHAP.rER 4 · EXPERIMENTAL 
4.1 X-Ray Fluorescence Analysis of Particulates 
4.1.1 Preparation of Standards 
Several techniques are available for the preparation of calibration 
standards for X-ray fluorescence analysis. The main considerations in 
choosing a suitable technique are that the absolute weight of the element 
present must be known, the deposit should be evenly distributed across 
the filter and particle size effects should be negligible. Several 
techniques were investigated in this work, and two were chosen as the 
most suitable: sampling of a dust cloud of a pure compound, and vacuum 
sputtering of pure metals on to filters. 
4.1.1.1 Dust Cloud Sampling 
The equipment used for this work is shown in fig. 4.1. It consists of a 
specially constructed glass container with a glass bulb at the base of 
the chamber which contains the compound. A perspex lid fits on the top, 
through which holes are drilled to accommodate tubes attached to sampling 
heads on the underside. Compressed air is introduced through one of the 
glass jets at the side of the bulb. 
A suitable compound was first selected of the required element. This 
should contain no water and be non-hygroscopic, and oxides are ideal 
because they usually possess both these properties. The specification 
should be available on the brand selected, the purity preferably being 
guaranteed to >99%. The particle size was examined under a microscope. 
The simplified Criss equation (see chapter 2) was used (via the computer 
program PSI - see appendix) to calculate the particle size leading to 
both 5% and 10% reductions in intensity compared with a sample of a 
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negligible particle size. These values were selected to give a reduction 
in intensity which did not create too great an error in the intensity 
value while at the same time giving a realistic figure for particle 
diameter which could be obtained in practice. Examples of this are shown 
in fig. 4.2. Ideally the particle size of the compound used should 
correspond to the 5% reduction level, and should not exceed a 10% 
reduction. As can be seen from the table, Pb02 should be less than 0.6pm 
diameter to keep within the 5% criterion which is very difficult to 
achieve in practice, thus the 10% criterion is accepted in this case. 
Compounds which have sizes in excess of these limits can be ground finer. 
This involves placing several grams in a tungsten carbide-lined ball mill 
with tungsten carbide balls, and grinding for 10-15 minutes. It has been 
found in practice that significant additional reductions in size are not 
obtained within reasonable lengthier grinding periods. It is important 
that the mill is thoroughly clean to avoid contamination, and this can be 
achieved by grinding quartz in it for several minutes. Once the readily 
attainable minimum particle size is achieved, the compound is placed in 
the bulb of the dust chamber. 
The preparation of filters, particularly millipore membrane filters which 
are very sensitive to atmospheric humidity changes, is crucial to the 
accuracy and precision of this technique. Great care has been taken to 
develop as reproducible a method as possible for the routine weighing and 
preparation of the standards. To this end, the following procedure was 
adopted. 
(i) Filters were left out in open tins in the weighing room for at least 
one hour prior to weighing, to equilibrate with the atmosphere. These 
were handled in batches of six, comprising two blanks and four samples. 
This number was chosen as it was assumed that atmospheric conditions 
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would not change between weighing the first and last of the batch and so 
the blanks could be used as a true correction. Blank correction is very 
important, as it was found that humidity changes occurring over the day, 
e.g. a fine morning followed by rain in the afternoon, could drastically 
affect the blank- weights to the order of 20rg or more. It was even 
decided to abandon sets of standards prepared during a day when drastic 
weather changes occurred, as the results obtained for the very low 
standards with weights comparable with this weight would be meaningless. 
(ii) A Perkin-Elmer microbalance was used for the weighing over the range 
0-20 mg to 3 decimal places. This contained a Po-212 oc-source to remove 
static electricity from the filters. A small piece of aluminium foil was 
placed on the left-hand pan to enable easier picking-up of filters after 
weighing. Weighing was done by difference, and to minimise disturbance of 
the pans, sufficient tare weights were placed on the right-hand pan to 
make the scale reading suitably negative on the 0-20 mg scale. This 
reading was noted as a 'zero'. Thus when a membrane filter weighing 25mg 
was placed on the left hand pan, the reading would still be on scale. 
(This is obviously not possible for heavier-type filters, because they 
would have a weight greater than 40mg and thus would not fit within the 
range -20mg to +20mg displayed by the balance without removal of 
weights.) 
(iii) A filter was touched on the anti-static source, then placed on the 
left hand pan and the door closed. A one minute pause allowed the balance 
to stabilise, and the reading was then noted. This procedure was repeated 
for the other five filters in the batch. 
(iv) Two filters were placed in clean sampling heads and air passed 
through them at 2 1/min each for approximately 30 sec. These were taken 
as blanks, with any weight changes used to correct the standards. 
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(Weight changes were usually no more than about 5fg, except under adverse 
weather conditions, see section (i) above.) 
(v) Two filters were placed in sampling heads and mounted inside the 
perspex lid of the chamber. A reverse air flow at low rate (0.5 1/min) 
was passed through them to prevent large particles being caught in the 
initial dust-cloud production. In the meantime, a gentle burst of 
compressed air was introduced to produce a cloud. 
(vi) After 30 sec the reverse flow was turned off and the cloud left a 
further 30 sec for turbulence to die down, to avoid uneven deposits. 
Sampling was then commenced at 2 1/min through each head, and the time 
varied with each batch to obtain a range of weights. 
(vii) The six filters were placed in open tins in the weighing room for 
at least an hour to equilibrate. The weighing procedure was then 
repeated. 
(viii) Each filter was next sprayed gently with an aerosol fixative to 
prevent sample falling off in the tins. Care must be taken to allow the 
aerosol to fall on to the filters rather than spraying them directly, or 
dislodging of deposits may occur. 
The weights of the two blanks in each batch were averaged and their 
weight change used to correct the other four filters. At least twelve 
standards should be obtained per calibration over the range approximately 
20-200fg, although it is difficult to judge how much is actually being 
picked up at the time of sampling, so standards outside this range will 
also be obtained. This is because it is often the case that several 
standards in the batch are unsuitable for use because they have been 
damaged, or errors have occurred in weighing and they fall a long way 
from the calibration line. Thus there will normally still be enough 
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filters to give an adequate calibration without having to go back to 
prepare another batch. The advantages of this technique are that 
sampling is carried out in a manner similar to that used to obtain real 
samples, and also that suitable stable compounds are generally available 
to cover most elements required. 
This method attempts to minimise particle size effects as far as possible 
by taking precautions to prevent large particles reaching the filters. 
However these cannot be eliminated completely, and are probably 
responsible for some filters giving results which are lower than expected 
at a given weight, compared with the rest of the batch. 
4.1.1.2 Sputtered Standards 
The advantage of these standards over dust cloud standards is that the 
thin uniform metal film on the filter eliminates particle size effects 
and can be said to be equivalent to negligible particle size. However, 
not all metals can be sputtered successfully on to filters. 
The use of sputtering has become more popular in recent years because a 
better vacuum can now be readily achieved and pure metal targets can be 
used. For this work a Polaron P650 vacuum coating unit has been used. 
Argon ions from an argon plasma are accelerated towards a pure metal 
target, and if their energy exceeds the binding energy of the metal atoms 
in the lattice, atoms can be displaced or completely ejected. The atoms 
of the metal strike the substrate on which they are being deposited and 
depending on their kinetic energy may penetrate one or two atomic layers. 
This may explain the good adhesion of sputtered films. Providing the 
substrate is sufficiently cool, surface migration of atoms can be 
avoided, and low gas pressures will prevent agglomeration of atoms 
already in the gas phase. Damage to the substrate surface may be caused 
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by electron bombardment and thermal etching. The electron problem was 
eliminated in the equipment by magnetically deflecting electrons which 
would otherwise hit the substrate. The heating effect, caused by 
conduction of heat through the plasma from the target or the gas itself, 
can be reduced by the use of a cooled stage on which the sample to be 
coated is mounted. 
Work was done by other members of the section(40) to prepare standards by 
this method. Problems were encountered when pre-weighed filters were 
used, probably due to effects previously described, as the cooled stage 
was not immediately available, so it was not possible to measure the 
weight deposited by a direct weighing method. This problem was overcome 
by calibrating a film thickness monitor using glass coverslips. The film 
thickness monitor is an oscillating quartz crystal placed in the same 
plane as the samples being covered. The frequency of oscillation is 
dependent on the thickness deposited on it, and the monitor is calibrated 
in terms of the density of various metals. If pre-weighed coverslips are 
placed in the chamber for varying times, and a graph of mass deposited 
vs. film thickness monitor reading plotted, filters can then be placed in 
the chamber, and the mass deposited read off from the graph using the 
monitor reading. Standards were prepared four at a time, to give 22mm 
diameter deposits corresponding to those obtained using pumping methods 
of sampling. 
Lead, zinc, rhodium and silver posed no problems, and with at least ten 
standards, good calibration lines were obtained. However problems were 
encountered with cadmium. When the above procedure was used, it was found 
that a satisfactory calibration line could not be obtained for cadmium on 
filters. This was thought to be due to cadmium forming cadmium oxide in 
the chamber, then subliming due to the very low pressure. XRD analysis 
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revealed cadmium oxide on the filters. Oxygen trapped within the filter 
material could be sufficient to cause this oxidation, which would not be 
present in the coverslips. Although the cadmium on the coverslips also 
oxidised to cadmium oxide, this was thought to occur after exposure to 
the atmosphere where the pressure was sufficiently high to prevent 
sublimation. The calibration finally prepared for routine analysis was 
actually done on cover slip standards with adjustments made to the 
intercept using blank millipore filter measurements. The count rate on 
filter blanks was compared with that obtained using coverslip blanks. The 
difference was added to the coverslip readings to account for counts due 
to the filter material itself. This correction assumes that the sample 
would be deposited entirely on the surface in both types of standard. 
This assumption is valid for millipore filters which have negligible 
depth effects. 
4.1.1.3 Range of Standards 
Standards were prepared by the dust generator method for the elements 
lead, zinc, chromium and cobalt. Cadmium was not prepared by this method 
as very low particle sizes were necessary, and cadmium oxide dust is a 
particularly hazardous material. The oxides of the above elements were 
used, i.e. lead dioxide (Pb02), zinc oxide (ZnO), chromium oxide (cr2o3) 
and cobalt oxide (co3o4), and open Gelman heads used in each case. Pb02 
was then considered further, and UKAEA (single 4mm hole) and modified 
UKAEA (7 x 4mm holes) used to prepare a set of standards. 
Other filter materials were then considered, and standards prepared using 
Pb02 and open heads, on DM800 PVC filters and silver membrane filters. 
As sputtered standards were not available for all the metals due to the 
non-availability of metals in a suitable form for the target arrangement, 
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or the means to prepare the standards not being available, comparisons 
were only possible in the case of lead and zinc sputtered standards. 
4.1.1.4 Other Techniques of Standard Preparation 
As can be seen, both the above techniques depend on the availability of 
expensive equipment or specially constructed glassware. Several other 
techniques have been used in the past for calibrations, but their success 
is limited. However for the smaller laboratory, they are probably more 
attractive. 
(i) Spotted suspension. 
This simple technique requires the mixing of two solutions of known 
concentrations of soluble salts to produce an insoluble precipitate 
containing the required element, e.g. a solution of sodium arsenate and 
one of aluminium nitrate mixed together with agitation, produce a 
suspension of fine particles of insoluble aluminium arsenate. 
This precipitate must be sufficiently fine that agitation will keep it 
evenly suspended in the liquid. Aliquots (preferably less than 2or1) are 
then taken and deposited in the centre of filters and the mass deposited 
can be calculated because the volume and concentration of each aliquot 
are known. Disadvantages of this technique are that the suspension 
material is concentrated in the centre of the filter and not evenly 
distributed, and that even constant agitation cannot guarantee that each 
aliquot is representative of the whole. Solutions of soluble compounds of 
the element can also be spotted, but here, soaking to the edges of the 
filter and radial migration of the ions could cause some of the deposit 
to be outside the X-ray beam. Soaking into the body of the filter also 
causes loss of X-ray intensity due to absorption by the filter medium. 
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(ii) Filtered precipitate method. 
This is related to the above. The equipment used consisted of a tube with 
ground glass end clamped to a plastic disc with porous central area which 
in turn was attached to a glass funnel passing via a cork to a Buchner 
flask. A filter could be placed on the plastic disc. The method followed 
was broadly similar to another previously used (41 ) 
Solutions of known concentration were prepared of lead and zinc acetate 
and nickel chloride, and made up to 10 ml with de-ionised water. 10 ml of 
water and 2-3 drops dilute hydrochloric acid were placed in several test 
tubes, and thymol blue indicator added. 1 ml of a standard solution was 
added to each tube (at different concentrations for each). Dilute 
ammonia solution was added till a blue colour was just obtained, and then 
one drop more was added. 5 ml of a 2% solution of sodium 
diethyldithiocarbamate (freshly prepared) was added to each tube, left to 
stand for at least 5 mins, then filtered. The diethyldithiocarbamate 
forms a complex with the metal ions to give a precipitate. Both single 
and multi-metal standards were prepared in this way, under acid, alkali 
and neutral conditions. Standards using solutions of cadmium chloride 
(CdC12.2(1/2)H2o) and zinc chloride (ZnC12 ) under alkaline conditions, 
and lead perchlorate in hydrochloric acid were also used, all with the 
dithiocarbamate. Arsenic standards were made using sodium arsenate and 
iron nitrite. The graphs of the calibrations obtained were compared with 
the only others existing at the time, those for spotted suspensions. The 
calibration line for lead was poor, showing little linearity, but nickel 
gave good agreement with existing calibrations. Low results were obtained 
for zinc. Several reasons were proposed for the results. 
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1) The precipitate could have been too fine to be caught on the filter. 
This was borne out by the fact that the multi-metal filtrate was cloudy. 
2) The metals may not have complexed completely with the carbamate. The 
results with acetates were poor, while nickel chloride was satisfactory, 
perhaps indicating incomplete or different reaction with acetates. 
3) The conditions may not have been correct, i.e. incomplete 
precipitation may occur under alkaline conditions. 
Tests under various pH conditions proved that point (3) was not a 
significant factor. The chlorides of nickel, cadmium and zinc gave 
satisfactory calibration lines, but acetates appear to be unsuitable for 
· precipitation with sodium diethyldithiocarbamate. The iron arsenate 
(FeAs04) precipitate obtained also gave a reasonable line. Nitrates, as 
oxidising agents, would interfere with carbamate precipitation <41 ) 
Point (1) was tested by examining the filtrate by AAS for the metal in 
question. Significant amounts were found in the filtrate of some 
standards, but this result was not consistent as none was found in 
filtrates from standards of similar levels prepared in the same batch. 
The disadvantages of the technique were found to be: 
a) A satisfactory method was not found for lead, one of the most 
frequently requested metals for analysis. 
b) The choice of salts for standard solutions is limited by the factors 
discussed above. 
c) Losses can occur due to very fine precipitates passing through the 
filter, incomplete precipitation of metal ions or particles adhering to 
the sides of the filtering apparatus. 
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The advantages are that no filter weighing is involved, and the 
precipitate is spread evenly over the filter, provided that the solution 
was shaken before pouring into the funnel to allow the precipitate to be 
evenly distributed. However it was felt that even deposits could be 
obtained by other means, and a standard preparation technique which more 
closely resembled the actual samples (i.e. dust sampling) would be more 
satisfactory. 
(iii) 'Puff' technique. 
This is a simplified version of the dust cloud generator method. A tube 
was constructed the diameter of an open Gelman sampling ｨ･｡､ｾ＠ with one 
end tapering to an aperture of 3-4 mm diameter. One half of a Gelman head 
was attached with araldite to the other end. The other half of the head 
(that which attaches to the sampling tube under normal circumstances) was 
connected via a Buchmann flask to the laboratory vacuum line. A 
pre-weighed filter was mounted in the head. A small amount of a finely 
ground pure compound of the element of interest was placed on a watch 
glass, and the vacuum gently switched on. The nozzle of the tube was 
placed near it, and the compound was sucked through the narrow aperture. 
Turbulence inside the tube due to the expansion of the air into a larger 
volume caused a dust cloud to be formed. This was then deposited on to 
the filter, and weighing of the filter then gave the mass deposited. 
This technique made no attempt to exclude large particles present in the 
sample, once the initial grinding had taken place. Thus more particle 
size effects could be expected than with the dust cloud chamber 
technique. 
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4.1.2 Calibration of the Spectrometer 
The selection of analytical conditions has been discussed in chapter 3· 
Fig. 4.3 shows the conditions used for the elements selected. Tube power 
was 60kV/45mA in each case. A LiF220 crystal was selected for lead, zinc 
and cadmium ｋｾ＠ lines to improve resolution, even though this resulted in 
loss of intensity. The lead ｌｾ＠ line was chosen as lead ｌｾ＠ coincided with 
arsenic ｋｾＬ＠ and both elements could be encountered in routine samples in 
some circumstances. Molybdenum masks were used in each case. 
Samples were loaded three at a time by the automatic sample loader into 
the four-position turret with the ratio standard placed manually in 
position 1. Each measurement was averaged twice, giving a counting time 
of 80 sec on each peak and background for each batch of three samples. 
The Philips XR55 package supplied with the computer in the PW1450 
contains a regression module which will calculate the slope of the 
calibration line using measured intensities and manually input 
concentration values. When the standards are measured in the analysis 
mode using the command to prepare the regression intensities, the 
measured ratio intensities are automatically written to a cassette. This 
is then used, together with another cassette containing the manually 
input concentrations to calculate the calibration line. The best line is 
obtained by the program weighting the lower points and thus forcing the 
intercept close to zero. If this is compared to a linear least squares 
calculation, intercept values are found to differ most in calibrations 
which have a large number of low values. A least squares program was 
written to deal with routine slope calculations with facility to delete 
and re-include points, add extra points and calculate logarithmic values 
from the same data. This was used in conjunction with a plotting program 
which used the X-Y plotter of the computer system at Cricklewood to 
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obtain graphs. Once a satisfactory calibration line was achieved (using 
the Philips regression module) this result was saved and stored on 
cassette. This procedure was repeated for all the sets of standards 
prepared. 
4.1.3 Calibration Results 
Extensive work was carried out on lead calibrations. Fig. 4.4 shows the 
various slope and intercept values for different sets of conditions. Fig. 
ｾｾｾ＠
4-5icompares the lead slopes graphically. All the lead standards prepared 
on millipore filters agreed within the limits of experimental error. This 
indicated that problems due to uneven deposits had been overcome by the 
use of a 40mm beam limiter, and that particle size effects in Pb02 were 
negligible for the very fine form used. The sputtering technique is 
considered to eliminate particle size effects, as long as the thin film 
criterion is not exceeded. The intercepts also showed close agreement. 
(These indicate the X-ray intensity due to the filter material.) When 
comparisons were made with other filter types, a significant difference 
was found. This could be due in part to the different distribution of 
particles in the different filter material. There could also be some 
enhancement effects where silver K-radiation is excited by the incident 
molybdenum radiation, and this in turn excites lead 1/. However as the 
silver filter calibration is less sensitive than the millipore, if any 
enhancement effects are occurring, they are more than compensated for by 
depth effects within the silver filter. The DM800 filter is an organic 
matrix, as is the millipore, consisting of a PVC-acrylo-nitrile 
co-polymer. There is a significant difference between open head 
calibrations not accounted for by experimental error. Depth effects 
would be small due to the DMSOO filter being very thin, but no other 
explanation was obvious for this effect. 
82 
Fig. 4.4 
Calibration Constants 
Compound Filter Sampling Standard Slope 
type head preparation 
Pb02 millipore open dust cloud 523.491+11 .243 (2.15%)-
Pb02 millipore UKAEA dust cloud 51 5. 61 0+2. 71 3 ( o. 53%)-
Pb02 millipore modified dust cloud 513. 226+5. 960 UKAEA (1.16%)-
Pb millipore open sputtered 51 6 • 141 +5 • 366 
(1.04%)-
Pb02 DM800 open dust cloud 5 60 • 931 +4 • 307 (0.77%)-
Pb02 Ag open dust cloud 598.488+8.798 ( 1.47%)-
Zn millipore open sputtered 241.909+3.405 
(1.41%)-
ZnO millipore open dust cloud 247-766+7.118 
(2.87%)-
Cr2o3 millipore open dust cloud 92. 943+1 • 034 (1.11%) 
co3o4 millipore open dust cloud 34.209+0.619 (1.78%) 
Calibration graph is of pg vs. intensity ratio 
(sample:ratio standard), therefore slope units pg 
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Intercept 
-1 • 065 
-1 .195 
-1 • 200 
-0.965 
-1 • 218 
1. 912 
-2.267 
-2.746 
-0.330 
-0.280 
The UKAEA head calibration was slightly more sensitive than the open 
head, although this could be accounted for by experimental error. Any 
greater sensitivity could be explained by sample being concentrated in 
the centre of the filter rather than being evenly spread. 
Comparison of the two zinc calibrations showed agreement within the 
limits of experimental error. This again shows that particle size effects 
are considered negligible in the zinc dust cloud samples if negligible 
effects are assumed in the sputtered standards. 
No comparisons were available for chromium or cobalt results, but 
calibrations prepared from different batches of Cr2o3 showed good 
agreement. 
The cadmium calibration was prepared by sputtering on to coverslips due 
to the problems previously described with filters. Adjustments were made 
to the intensity figures by measuring a series of blank filters and 
changing the values according to the difference between blank filters and 
blank coverslips. 
4.1.4 Detection Limits 
The theory of detection and decision limits has been discussed in chapter 
2. For the purposes of this work, results are quoted down to the decision 
limit, ＱＮＶＴｾ＠ ｷｨ･ｲ･ｾ＠ is the standard deviation of the concentration 
figure for a set of blank filters. This is the level at which a blank has 
a 5% chance of yielding a false positive result. The detection limit of 
ＳＮＲＹｾ＠ is the level at which there is only a 5% chance of an actual 
sample giving a blank result. Fig. 4.6 is a list of detection and 
decision limits for a range of elements. 
, ,· 
Fig. 4.6 
Detection and Decision Limits 
Calculated from 24 blanks 
Decision limit= ＱＮＶＴｾ＠ 1 n-
Detection limit = 3.29or 1 n-
Element Decision Detection 
Limit Limit 
pg pg 
Pb 0.30 o. 61 
Zn 0.29 0.58 
Cr o.oa 0.17 
CdK 0.62 1.25 
CdL o.os 0.17 
Co 0.12 0.24 
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4.1.5 Field Samples 
Part of the routine work of the X-ray analysis section involves the 
analysis of filter samples taken by Factory Inspectors in a variety of 
factory environments. The results from these analyses, using the 
calibrations set up as above, were compared with results from Atomic 
Absorption spectroscopic analysis on the same samples. Fig. 4.7 shows the 
comparison between XRF and AA results for lead on open head samples. Most 
of the points lie on the XRF=AA line, indicating good agreement between 
the two techniques. A few of the samples taken from the glass works 
showed higher XRF than AA results, perhaps suggesting incomplete 
dissolution of the sample in preparation for AA analysis. The same 
effect was observed for some of the zinc results (fig. 4.8). 
The cadmium ｋｾ＠ analysis showed very good agreement between the two 
techniques (fig. 4.9). The cadmium ｌｾｲ･ｳｵｬｴｳ＠ are a clear example of 
particle size effects reducing XRF yields at lower energies (fig. 4.10). 
These were the same samples as taken for the higher energy cadmium K 
analysis. The effect is particularly noticeable for the battery 
manufacture samples, although all samples appear to show it to some 
extent. By using the simplified Criss equation, it would be possible to 
calculate an average particle size for the cadmium samples if the 
material in which the cadmium is contained were known. This can be done 
by making the assumption that the value obtained from the K-line is free 
from particle size effects. This is confirmed to some extent by the AA 
results which show good agreement. If, for the purposes of this exercise, 
we assume the particles are cadmium oxide, a mean particle diameter of 
2.9pm can be calculated from the data. The following section on X-ray 
diffraction describes a technique used to identify phases on filters, and 
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so a much more realistic estimate of particle size could be made if data 
from the two techniques were combined. 
Fig 4.11 shows the results of a survey carried out to compare XRF and AA 
analysis of samples taken with the UKAEA head. It can be seen that at 
lower levels (less than 200pg total lead), good agreement is achieved. 
However at higher levels, some tailing off is observed for particular 
industries indicating lower XRF results. Two explanations could account 
for this. Particle size effects, as in the open head results are the 
most obvious factor. This is suggested by the fact that the results from 
two different areas of a lead refining plant show different degrees of 
deviation from the XRF=AA line. The other factor to be considered is the 
pile-up of sample in the middle of the filter characteristic of UKAEA 
head sampling. If the thickness of this pile exceeded the thin film 
criterion, absorption effects would be observed. However as it can be 
seen that the de-zincing and alloying results give lower figures than the 
burning off of lead as oxide at approximately the same AA levels, the 
particle size explanation is the most likely. 
4.1.6 Precision of the Analytical Method 
The precision of the method can be estimated by analysing the same sample 
a number of times in different sample cups. This was carried out using a 
sputtered lead standard, analysing it ten times and changing the cup each 
time. The results gave a mean concentration of 27.88 pg, with standard 
deviation 0.429 pg· Thus precision can be quoted to 1.5%. The precision 
will depend on the element analysed, and though a method may be precise, 
systematic errors may still cause it to be inaccurate. However the AA 
results suggest that this is not the case, and it can be assumed that two 
totally different analysis techniques would not exhibit the same degree 
of systematic error. 
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The overall precision of an analysis method can be defined as a 
combination of the counting precision and sampling precision. These can 
be related by addition of variance, 
ｾｶ＠ 2 ｾＲ＠ + cr-;,2 
The counting precision can be calculated by analysing one standard 
several times under the same conditions and taking the standard deviation 
of the results, ｾＮ＠ The overall precision can be calculated by analysing 
c 
a set of nominally identical standards several times, and calculating the 
overall standard deviation. Thus the sampling precision can be deduced. 
This experiment obviously assumes that a series of standards can be 
prepared containing identical quantities of an element. In the case of 
the dust generator, this is not possible, but with the sputtered 
standards where four filters are prepared at once, these conditions can 
at least be approached. 
4.2 X-Ray Diffraction Analysis 
4.2.1 Analysis of Standards 
The XRD work carried out was generally qualitative, so extensive standard 
preparation was not required as with XRF. However, in order to compare 
detection limits for selected phases with elemental detection limits from 
XRF analysis, some of the standards prepared for XRF were run on the 
qualitative scan program. 
The standards selected were chromium oxide (Cr2o3), iron oxide (Fe2o3), 
lead dioxide (Pb02) and tin dioxide (Sno2). Three lines were selected 
from the diffraction patterns for all except Fe2o3, where only one was 
intense enough to be considered. It was necessary to select fairly heavy 
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deposits as the detection limits for XRD were expected to be higher than 
those for XRF. 
4.2.2 Detection Limits 
Unlike detection limits for XRF work which were calculated using a 
detailed procedure, XRD limits were estimated rather than calculated 
accurately. Thus the equation (3/m)(Rb/Tb) 112 was used to assess them 
from data from individual standards rather than batches of blanks. 
A qualitative scan plot was taken for a standard for a particular phase. 
The background height under the largest peak was measured using the scale 
of the graph (figures not being available for blank counts as the program 
is geared to measuring only where it finds a peak). Time of measurement 
was 12 sec, as the step scan measures for 12 sec at each 0.1 degree 
interval. 
Fig. 4.12 shows a series of detection limits. The first column gives the 
name of the phase on the filter, and the next gives the mass of the 
compound present. These standards were prepared for XRF calibrations and 
their purity is >99%. The area exposed to the beam was calculated using 
the equation discussed in section 3.3.3 on selection of slits. The mass 
given is the total mass on the filter covering an area of 3.802cm2 • In 
XRF analysis, the area of filter exposed to the X-ray beam is the same in 
each case, so detection limits can be calculated in terms of total rg· 
However in XRD where the area exposed varies with goniometer angle 26, it 
is more realistic to calculate detection limits in terms of pgcm-2 , 
particularly if comparisons are to be made between different lines for 
the same phase. 
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Fig. 4.12 
XRD Detection Limits 
Total area of filter deposit = 3.802 2 em 
Phase Wt. on area 2 p.g visible c/s/pg DL 2 line filter( pg) exposed (em ) to beam p.g/ em deg 29 
Cr2o3 360 2. 510 238 1 .09 14.1 33-56 
2.334 221 1 .12 14-3 36.17 
1. 573 149 1. 20 17.6 54.85 
Fe2o3 160 2.544 107 2.98 4.2 33.09 
Pb02 88 2.640 61 7.28 4-5 25.42 
2.628 61 6. 71 2.4 32.01 
1. 743 40 4· 92 4.2 49.13 
Pb02 224 2.640 156 1 o. 35 3.1 25.47 
2.625 155 9·93 1 • 6 32.04 
1. 742 103 8.99 2.2 49.14 
Sno2 246 2.460 171 3.42 9·7 26.64 
2.487 1 61 4.09 3.8 33-88 
1. 658 107 3-27 6.2 51 • 81 
Sno2 380 2.640 264 4.65 7-3 26.64 
2.481 248 4.16 3-9 33.96 
1. 656 166 3.63 5·9 51 .88 
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The sensitivity in net c/s/pg is calculated in the next column. It can be 
seen that although there is some variation between lines within the same 
sample, if lines are compared for the two Sn02 phases, sensitivities are 
fairly similar. The two lead samples show more substantial variations. 
The detection limit is expected to vary for different lines of the same 
phase due to different background levels throughout the diffraction 
pattern. 
Fig. 4.13 compares XRD detection limits with those of the element they 
contain by XRF. The XRF limits are calculated more accurately using 1.64 
times the standard deviation of the concentrations on a batch of 24 
. -2 blanks. For direct comparison, these XRF figures are also given 1n pgcm 
2 
assuming a diameter of 22mm, area 3.802cm • The XRD limits are the mean 
value for the strongest line from each phase, assuming there is no 
interference. (This assumption is valid in the case of standards, as pure 
compounds were used.) 
It can be seen that XRF is a much more sensitive technique for elemental 
analysis, but it gives no direct indication of the phase present. 
Various components of a compound could be measured to try to deduce the 
chemical formula, but this is a rather uncertain method as there may be 
elements such as oxygen present which are too light to be detected by 
XRF. Thus the two techniques used in conjunction can reveal far more 
information than each individually. 
4.2.3 Interpretation of XRD Scans 
Though the data-collection process is fully automated, the interpretation 
of the scans and data produced is carried out manually. This is because 
the Search-Match software which is available commercially to simplify 
this process had not been obtained at the time of this project. 
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Fig. 4.13 
Com ;pari son of XRD and XRF Detection Limits 
Phase ｄｌＨｾｾＩ＠ Element Line ｄｌＨｘｾｾＩ＠
pgcm pgcm 
Cr2o3 14.1 Cr Kot 0.02 
Fe2o3 4.2 Fe KoL 0.24 
Pb02 3.8 Pb 1,., 0.08 
Sn02 8.5 Sn Ko<: o. 31 
Lo< 0.07 
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Data was produced consisting of a scan plot showing the positions of the 
various diffraction peaks, and tabulated data in the following 
categories: peak angle; d-spacing (for specified tube); peak limits; peak 
heights; peak areas; relative intensities. Some of the scans obtained 
were complex and it was necessary to deduce from other evidence, where 
available, what the likely composition would be. This information could 
be obtained from: (1) the nature of the process involved; (2) the pg 
quantities obtained by XRF analysis; (3) an XRF qualitative scan on the 
energy dispersive spectrometer to detect additional elements not 
originally requested. 
The interpretation could be begun in the usual way by selection of the 
largest peaks, and the use of the Joint Committee for Powder Diffraction 
Standards (JCPDS) search manuals to identify them. If a large quantity of 
a particular element was present, the alphabetical index could be used to 
look at all possible phases of that element. If a phase was suspected, 
other elements in the compound could be checked using XRF to confirm the 
identification. It is probable that several samples from the same batch 
contain different amounts of the same phase. If these scans are viewed 
together, a clue to the identification of the phase may be gained by 
observing which peaks vary in the same ratios throughout the set of 
scans. e.g. If a phase has three main lines in the intensity ratio 5:2:1, 
1 being equivalent to 200c/s, then if the same peak has a count of say 
100c/s in another scan and the two other peaks are in the same ratio to 
it, there is a good chance that the same phase is present in both scans. 
4.2.4 XRD Analysis of Real Samples 
Fig. 4.14 shows the results from scans carried out on samples from a wide 
range of factories. Individual factories are discussed below. Each sample 
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Fig. 4.14 XRD FILTER SCAN RESULTS 
FACTORY SAMPLE ANALYSIS PHASES MAIN PK 
TYPE NUMBER (XRF)pg (XRD) AREA 
( to tal counts) 
Heavy metal 641W, 60Co we 233026 powder w 5232 
manufacture 
" 2 538W,38Co we 199681 
w 5267 
" 3 795W,46Co we 268493 
w 44962 
II 4 57W,4Co we 18891 
w 3612 
Foundry 23Pb,53Zn ZnO 7933 (2) Fabrications Caco3 8990 
II 2 7Pb,38Zn ZnO 7245 
" 3 3Ca 
" 4 17Ca 
It 5 6Pb,22Zn ZnO 3387 
Welding Fe3o4 2513 
Furnaces and 50Pb,175Zn ZnO 14542 (2) 
moulding Caco3 10656 
II 2 42Pb,123Zn,291Ca ZnO 64 75 (2) 
Caco3 85438 
II 3 51 Pb, 148Zn ZnO 9900 (2) 
Caco3 27695 
" 4 44Pb,129Zn ZnO 7919 (2) 
Caco3 1190 
" 5 1 04Ca 
All peak areas are total counts on the main peak (1) unless otherwise 
indicated by a figure in parentheses after the counts figure. 
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Fig. 4.14 (continued) 
FACTORY SAMPLE ANALYSIS PHASES MAIN PK 
TYPE NUMBER (XRF)pg (XRD) AREA 
( to tal counts) 
Cutting 71Fe Fe3o4 5916 
II 2 440Fe Fe3o4 59189 
" 3 186Fe Fe3o4 22689 
" 4 279Fe Fe3o 4 · 35061 
Engineering 40F e , 1 OMn , 11 C r , Fe3o4 8216 4Ni 
" 2 447Fe,75Mn,129Cr, Fe3o4 101277 74Ni, 12Cu 
Smelting 2.7Pb,205Zn,3Cu, ZnO 9745 
4Sn 
" 2 36Pb , 211 Zn, 1 6Cu, ZnO 7833 
3.8Sn 3PbO.H20 . 1557 
II 3 4Pb,289Zn,4.4Cu, ZnO 15796 
4-9Sn 
II 4 3.5Pb,271Zn,3.5Cu, ZnO 13628 
II 5 38Pb,243Zn,12Cu, ZnO 7923 
2.5Sn 3PbO.H20 741 
Police firing 65Pb,8Cu Pb 4412 
range 
II 2 67Pb,6.1Cu Pb 5007 
II 3 87Pb,7.4Cu Pb 32898 
" 4 73Pb, 7 .4Cu Pb 29179 
" 5 74Pb,7.3Cu Pb 25924 
" 6 51Pb,4.3Cu Pb 11 952 
" 7 49Pb,4Cu Pb 14890 
" 8 36Pb,3.9Cu Pb 10031 
" 9 45Pb,6.3Cu Pb 15500 
II 10 48Pb,4.1Cu Pb 14677 
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Fig. 4.14 (continued) 
FACTORY SAMPLE ANALYSIS PHASES MAIN PK 
TYPE NUMBER (XRF)pg (XRD) AREA 
(total counts) 
we-tipped tool 291 W, 27. 5Co we 96507 
manufacture 
" 2 1 022W, 61 • ?Co we 336215 
" 3 2624W,156.5Co we 663837 
" 4 171 6W, 104.1 Co we 479401 
n 5 175W, 13Co we 44475 
" 6 1671W, 100Co we 341-787 
Unspecified 4.2Pb NaCl 25370 
source 
" 2 3.7Pb NaCl 4517 
Caso4 4611 
" 3 2.2Pb NaCl 14570 
Royal Mint 17Au,3.2Cd,6Cu Au3zn 5492 
n 2 0.6Zn 
" 3 19Au,3.2Cd,3.8Cu Au3zn 2633 
Engineering 51 Fe Fe3o4 6687 
Steel 3Pb , 1 5Zn , 1 2Cu , ｾｾＨｪｯＴ＠ 170442 manufacture 15Ni,1843Fe,53Mn, 3722 
24Cr,197Ca,160Si 
II 2 5Pb , 1 2Zn , 8Cu , ｾｾＨｪｯＴ＠ 148277 6Ni, 1292Fe, 16Mn, 3722 
13Cr, 190Ca, 186Si 
tl 3 8Pb, 25Zn, 1 OCu, ｾｾＨｪｯＴ＠ 106941 7Ni,1343Fe,196Mn, 5818 
15Cr,513Ca,173Si 
" 4 3Pb , 6Zn , 1 Cu , 1 N i , Fe3o4 20683 165Fe, 15Mn,2Cr, 
96Ca,40Si 
" 5 1Pb,4Zn,2Cu,2Ni, ［ｾＶＰＴ＠ 27914 242Fe,45Mn,6Cr, 9606 
360Ca, 135Si 
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Fig. 4.14 (continued) 
FACTORY SAMPLE ANALYSIS PHASES MAIN PK 
TYPE NUMBER (XRF)pg (XRD) AREA 
(total counts) 
Steel 6 1 Pb , 6Zn , 2Cu , 1 N i , ｾｾＶＰＴ＠ 20481 manufacture 200Fe,58Mn,6Cr, 4908 
360Ca, 135Si 
" 7 2Zn, 143Fe, 142Mn, SiO 10079 
335Ca,51Si 
tt 8 3Pb,8Zn,2Cu, Fe3o4 32604 1Ni,251Fe,13Mn, 
49Ca,38Si 
Alloy 34Pb,2074Zn, Zn0[5-664] 9211 (3) 
manufacture 2.4Cd ZnO [21 -1486] 43822(2)* 
zn5 (oH)8Cl2 257132 
tt 2 9Pb,2910Zn, Zn0t5-664] 84786(2) 
4.2Cd ZnO 21 -1486] 56050(2)* 
zn5 (oH)8Cl2 56050* 
Figures in square brackets refer to a JCPDS Index number. 
* after a counts figure denotes that an interference was present 
on this peak. 
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was scanned using the automatic technique described earlier, and the 
results interpreted manually. 
In the heavy metal powder manufacturing industry, large amounts of 
tungsten were detected by XRF. Both tungsten carbide and tungsten were 
detected by XRD, though no cobalt phases were found. The tungsten carbide 
figure increased roughly in proportion to the amount of tungsten 
detected, though the tungsten XRD figure varies. 
In foundry fabrications, ZnO was detected in three of the samples. 
Calcium carbonate (Caco3 ) was also detected in one, so the second ZnO 
peak was used as there was interference. Calcium analysis was then done 
by XRF on two other samples from the same batch to confirm the presence 
of calcium. 
Fe3o4 is expected to be present in a welding shop, and this was readily 
detected. 
In an engineering firm involved with furnaces and mouldings, lead was 
detected by XRF, but no lead-containing phases were found by XRD. The 
second ZnO peak was quoted as there was interference from Caco3• The 
second sample was re-analysed to check for calcium, and the third also 
analysed for calcium. 
For an engineering firm employing the cutting processes, only Fe3o4 was 
detected, and only iron was requested by XRF. The figures from XRF and 
XRD analysis do not increase in the same proportions, suggesting the 
possibility of another undetected (by XRD) iron phase. 
In a third engineering firm's samples, only Fe3o4 was detected although 
other elements were found in significant quantities by XRF. 
In the smelting industry, ZnO was present in all samples. Possible PbO 
was found in 2 and 5 where the highest XRF figures for lead were also 
found. 
On the police firing range, lead could be expected on a firing range, and 
metallic lead was detected. Samples 1 and 2 showed very low XRD figures 
compared with the rest even though the XRF figures were roughly similar 
in each case. However the aluminium figure was also low for these 
samples and they were analysed on a different day to the rest, indicating 
a possible mistake in the setting up of analytical conditions (e.g. wrong 
slits, wrong power settings). 
Tungsten carbide was expected from the factory making tungsten 
carbide-tipped tools. Cobalt was again detected by XRF but not XRD. The 
XRF and XRD analyses for tungsten-containing phases were in roughly the 
correct proportions. 
From the Royal Mint, gold was requested by XRF, so some gold phases were 
expected. The XRD data suggested the presence of Au3zn, but not much 
zinc was found on further analysis so the identification could not be 
positively confirmed. This phase was the closest which could be found to 
the diffraction pattern obtained, and there was no other reason to 
suspect its presence besides the fact that gold was known to be present. 
From the steel works, although many elements were detected, only two 
phases were positively identified. The scans were very difficult to 
interpret as many peaks were present. Not all the XRD peaks could be 
identified. 
In view of the very large zinc figures by XRF in the alloy manufacturer's 
samples, zinc phases were looked for. There was overlap between the 
various phases, so the main peak was not always quoted. A scan of a 
ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭＭＭＭＭＭＭＭＭｾＭＭＭＭｾＭＭＭＭＭＭＭＭｾｾｾｾｾ ＭＭ Ｍ Ｍ Ｎ＠
sample from the batch showed a chlorine peak present which made 
zn5 (oH)8cl2 a possibility. There were too many overlaps for a detailed 
comparison of peak area figures. 
When only one or two elements were measured by XRF on request from an 
inspector, phase identification was generally easy if there was a heavy 
enough deposit. Even when several elements were detected by XRF, there 
were usually just one or two sets of peaks of common substances present 
in the XRD scan. When the spectra were complex, it was time-consuming to 
identify all the phases, and even then, not all the peaks could be 
accounted for. 
The method is useful when heavy deposits are available and not too many 
different phases present. Notably difficult phases to detect are those 
containing lead and cobalt. Common substances such as ZnO, Caco3 and NaCl 
are often found and can be easily identified. 
The main purposes of the exercise were: 
1. to identify particular sources of pollution. 
2. To differentiate between various phases containing the same element. 
The first point was not tested as the processes in use at the factories 
were already well known so sources were not in dispute. The second point 
was demonstrated to some extent by the zinc-containing compounds from the 
alloy manufacturers, where three different zinc phases were identified. 
These particular samples also showed the difficulties encountered when 
trying to differentiate between phases with overlapping peaks. 
In some cases, the XRD counts and XRF results increased in the same 
proportions, indicating that the element was present only in that 
particular phase. However, where this was not the case, it is possible 
there were other undetected phases containing the same element which 
contributed to the XRF figure. This emphasises the variation in 
sensitivity of different phases containing the same element, which is a 
disadvantage of this type of analysis. 
Fig. 4.15 shows a plot of intensity of main XRD peak for lead vs. 
quantity of lead in pg by XRF analysis, the samples being from a police 
firing range. When a straight line is fitted to all points except the 
two outliers, good correlation can be seen, indicating that the peak was 
due to a lead-containing phase and no interference was occurring. This 
assumes that any interfering phase would not vary in quantity between 
filters in exactly the same proportions. The two outliers could be due to 
XRF errors, which is unlikely, or the presence of lead in a different 
phase to the other filters which is also unlikely as all the filters in 
the batch were taken within a short space of time at the same location. 
This would point to analytical errors in the XRD analysis, possibly due 
to bad filter mounting, malfunction of the sample loader (which runs 
automatically overnight) or incorrect setting of manual controls such as 
kV/mA, if the samples were not run consecutively on the same night. The 
large intercept could be due to a difference in blank counts for lead 
between XRD and XRF analysis. 
Fig. 4.16 shows a similar plot for tungsten carbide vs. XRF analysis of 
tungsten in a factory which manufactures tungsten carbide-tipped tools. 
Here, all the points fell close to the line showing good correlation. 
This proved to be an interesting exercise in that many of the advantages 
and disadvantages of XRD analysis were emphasised. However it has 
drawbacks as a routine analytical technique where XRF analysis has 
already been carried out because of its lack of sensitivity and the fact 
that phase identification can be very time-consuming. 
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Fig. 4.15 Correlation between intensity of main 
XRD peak for Pb and pg Pb by XRF for 
a police firing range 
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Fig. 4.16 Correlation between intensity of main 
XRD peak for WC and pg W by XRF for a 
tungsten carbide tool manufacturer 
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CHAPrER 5 DISCUSSION AND CONCLUSIONS 
5.1 Discussion of the present work 
Although industrial pollution and work-related diseases have been 
recognised since the Middle Ages, the real impact of occupational illness 
has only been seriously studied in the 20th century. This is due to the 
fact that many more processes involving a much larger range of substances 
are now routinely carried out in modern industry. These involve 
chemicals man has not previously encountered in ･ｶ･ｾｹ､｡ｹ＠ life and thus 
their effects on man could not always be predicted, but only observed in 
practice. (However intensive toxicological tests of new chemicals are 
carried out on laboratory animals.) This heightened interest in a number 
of new substances now being encountered has also led to a greater 
understanding of the effects of those which have been known for many 
years. This has stimulated the introduction of new legislation, and an 
increasing awareness of dangers in the workplace. 
This thesis deals mainly with substances which have been present in the 
working environment for many years. Their effects have been monitored and 
are known, and because of their common occurrence, it is important that 
simple and accurate techniques are available to measure them. An attempt 
has been made to use X-ray techniques, optimising both sampling and 
analysis methods, with a view to gaining an overall picture of the 
working environment in which a sample was taken. 
This is important when dealing with elements whose toxic effects vary 
with their solubility. The OEL for a soluble compound may be 
substantially lower than that for an insoluble compound of the same 
( -3 -3) element e.g. nickel metal 1mgm , soluble nickel compounds 0.1mgm • An 
elemental XRF analysis of a sample will not directly reveal this chemical 
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identification, but further analysis may indicate whether a worker is 
being exposed to a more toxic form of a substance. 
The identification of air pollutants can also be extended to pinpoint a 
source of pollution, although this is more difficult if no clues exist as 
to the nature of the substance. In the factory environment, it is 
usually known approximately what to expect which narrows the range of 
possibilities to be examined, whereas in the external environment many 
factors could play a part. 
An exercise of this nature involves a great deal of preparation in the 
laboratory, including optimisation of instrumental conditions and 
development of standard preparation techniques. This is not only of value 
to the project being carried out, but to the overall work of the section 
which includes a great deal of routine analysis of samples. 
Chapter 3 deals with instrumentation and analytical conditions. The 
optimisation of these factors was limited by the equipment available. 
Because the section was involved in routine work in conjunction with the 
Factory Inspectorate who have their own specified sampling techniques, 
the programme of work had to be adapted to fit these constraints. Thus 
the sampling heads used were those either in routine or trial use by the 
Inspectorate, as all real samples submitted were taken under these 
conditions. However measurement conditions were designed to minimise the 
effects of varying the sampling head on the final result. 
For X-ray fluorescence analysis, there was a choice of three X-ray tubes 
available, and the reasons for preferring one over the rest were outlined 
in chapter 3. The cost of acquiring a different tube could not be 
justified for the purposes of this exercise. More flexibility could be 
granted in the case of the mask type, as this was due to be changed at 
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the time, and the material and design of masks was thus optimised. The 
reasons for the selection of other more flexible parameters such as tube 
power, FHA setting, etc. have been discussed. Again these were chosen 
with a view not only to getting the best conditions for this particular 
exercise, but also to provide a practical and efficient system of 
analysis for those involved with routine samples. 
The same comments can be applied to X-ray diffraction equipment, although 
in this case it was not intended to use this technique directly in 
routine work. This was due to the unacceptably long time required for the 
analysis of samples and interpretation of data. If computerised 
search-match data were installed, however, it would be feasible to 
analyse at least some samples by this method, if there were some dispute 
as to their origin or chemical nature. 
The preparation of standards for the XRF work was judged to be very 
important and a great deal of time was spent in ascertaining the best 
technique. This was covered in chapter 4. Ideally, a standard should be 
prepared in a manner similar to that in which the real sample is taken. 
This was achieved using the dust cloud sampling technique, but the 
problem of particle size effects was encountered. This could be overcome 
for some elements by using the sputtering technique, but one of the 
disadvantages of this technique was that as no air passed through the 
filter, standards were not prepared in a similar way to actual samples. 
A study to compare the two techniques for lead revealed no significant 
difference between them, but the compound selected to make the dust cloud 
standards was available with exceptionally fine particles. 
The elements selected were chosen because they covered a range of 
elements routinely analysed by XRF. They were also suitable for Atomic 
Absorption analysis so that some comparisons could take place. The other 
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standard preparation techniques discussed, such as spotted suspension, 
filtered precipitate and 'puff' technique, were less satisfactory, but 
could at least be used where the special equipment required for the other 
methods was not available. 
Elemental analysis of the real samples by XRF posed no special problems, 
but identification of phases by XRD was far more complicated. Most of the 
substances were those expected from the particular works involved, e.g. 
tungsten carbide and tungsten from a firm manufacturing tungsten carbide 
tipped tools. However it was observed that although cobalt was found in 
appreciable quantities by XRF, no cobalt-containing phase could be 
identified by XRD. This could be because the particles were very fine, 
the phase was below the detection limit or it was in a form unsuitable 
for XRD detection. This effect was encountered in several of the 
batches, and is one of the serious limitations of the technique. 
Differentiation of phases containing the same element was especially 
difficult for samples from an alloy factory. Thus the usefulness of this 
technique is limited, though it has the potential for being a valuable 
tool in some special cases. 
It has been shown that X-ray fluorescence and X-ray diffraction analysis, 
while being extremely useful analytical techniques when used 
independently, can also be used to complement each other to provide a 
more thorough analysis of a variety of samples. The non-destructive 
nature of both techniques make them valuable in situations where all the 
analysis cannot be carried out using X-ray techniques. This eliminates 
the need to split samples which can result in additional errors. 
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5.2 Conclusions 
This exercise tried to use the complementary techniques of XRF and XRD to 
gain an overall picture of the chemical environment to which a worker is 
exposed. At the start of the project, quantitative XRF analysis of filter 
samples was an established technique in the department. It was necessary 
to optimise analytical conditions and standard preparation as far as 
possible to improve the throughput and accuracy of samples for routine 
work. This was carried out satisfactorily, as these results show. Sample 
throughput was improved by the availability of reliable standards, use of 
masks on which it was easy to load samples, and the setting up of 
calibrations on the computer for combinations of elements so that samples 
could be run automatically overnight. 
The XRD work was a new aspect to the analytical work of the section. 
Previously, XRD had been confined to qualitative and quantitative quartz 
analysis, with some quantitative asbestos runs. The potential for further 
analytical use was present, but restricted by the fact that setting up 
such techniques is time consuming, and other more sensitive methods were 
available within the laboratory. However, taking X-ray analysis in 
isolation, it can be seen that XRD contributes vital chemical information 
to the elemental figures from XRF. The technique could be valuable to the 
section for the analysis of 'one-off' samples, or samples which must not 
be destroyed. 
5.3 Future work 
It is envisaged that calibrations should be set up using one of the 
standard preparation techniques described here for all elements 
encountered in samples from the Factory Inspectorate. 
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In addition, glass fibre filters used for sampling of welding fume which 
have different sampling characteristics should also be calibrated. Some 
calibrations have already been prepared for such samples, but 
standardisation of filter types needs careful consideration. 
Further work could be carried out to identify phases on filters, so that 
the method could be used for occasional samples where more detail is 
required than can be provided by XRF. 
To improve the sensitivity of XRD analysis, an automatic divergence slit 
can be used which varies in aperture according to the diffraction angle 
of the equipment. Thus, the length of sample irradiated is optimised 
throughout the whole scan. 
The 'Search Match' software available for the newer XRD models would help 
in the identification of phases, as this suggests possibilities and how 
probable it is that they are present. This was in fact purchased by the 
X-ray analysis section after this work was completed, and so it would be 
interesting to compare the identifications in Chapter 4 with those 
obtained by the computer. 
Although it is difficult in theory to obtain samples of chemicals with 
particle size restricted to a limited range, it would be interesting to 
prepare standards over a range of known particle sizes. If a set of 
standards at different weights could be prepared for each particle size 
and calibrations prepared for each size, these could be used to test the 
validity of the equations discussed in Chapter 2. This would only be of 
limited use when analysing samples taken in the field, unless it could be 
shown by microscopic examination that they too contained only a limited 
range of particle sizes. However, it would be interesting as an exercise 
to see whether there is agreement between theory and practice. 
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The section had also been working on samples of gases taken on diffusive 
samplers without the need for pumps. The gas diffuses through a 
diffusion barrier (an air gap or suitable porous membrane) on to a filter 
impregnated with a substance to react with the gas, or a charcoal disc. 
XRF has been used to analyse for some gases with at least one element 
measurable by XRF, e.g. mercury, halothane, arsine, and further work is 
possible to extend the range of substances covered. 
Reference (44) describes work carried out at the Occupational Medicine 
and Hygiene Laboratories on such samplers, and this should be referred to 
for further details. 
The choice of filter materials in this work has been restricted by the 
fact that the inspectorates have standard sampling media over the whole 
country which cannot be changed at a moment's notice. However, there is 
some scope for improvement which is restricted by the natural resistance 
to change once a technique has become established. Attempts have been 
made to argue the case for the use of improved sampling media, backed by 
scientific evidence and in a few years' time the results of this work may 
begin to emerge. 
Occupational hygiene is a subject which will always be of concern to 
large numbers of people, as a large percentage of the population will be 
exposed to a hazard at some stage in their working life. Thus there will 
always be room for development of new and better techniques for 
monitoring these hazards, and X-ray analysis can play a vital role in 
this development as can be seen from the work presented here. 
112 
' ! 
APPENDIX 
The following pages display listings of the computer programs written to 
calculate the X-ray constants described in Chapter 2. These are: PSI, 
which calculates particle size effects, FIL, which calculates the maximum 
film allowed on a filter before the thin film criterion is exceeded, and 
MAS, which gives the critical depth for fluorescent X-rays at given 
wavelengths. 
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PROGRAM MAS 
DATA IY/'Y '/IP/'P '/IF/'F '/ 
DATA E/0. I • 1, . 15, . 2, . 25, . 3, . 35, . 41 . 45! . 5, . 55, . 6, . 65, . 7, . 75! . s, 
. 85,. 9,. 95,1. ,1. 05, 1. L 1. 15,1:2, 1. 25,1. 3, 1. 35, 1. 4,1. 5, 1. 6, 1. 6f:. 
I 1. 791 1.93,2. 112.212. 28,2. 37,2.46,2. 54,2.68,2. 7612. 89,3. 05,3. 1 
5,3. 29,3. 45,3. 6,3. 74,3. 95,4. 15,4. 4,4. 59,4. 73, 5. 18, 5. 4, 5. 77,6. c 
7,6. 21,6. 45,6. 86,7. 08,8. 34,9. 89, 11.9, 14. I 
TYPE 500 
FORMAT< :1.1 X, 'CRITICAL DEPTH CALCULATION' I 
11 X, ＧＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭﾷＭｾＭＭＭＭＭＭｉ＠ I 
' This program calculates the critical depth for'/ 
' fluorescent X-r·ays at a specified ｵＮｲ｡ｶ･ｬ･ｾｮｧｴｨＮ＠ '/ 
' This is the thickness of sample greater than'/ 
1 which X-ray intensity is dependent on concentration'/ 
1 but independent of sample thic:kness. '/ 
' Information required: wavelength of fluorescent'/ 
' radiation; atomic number and number of atoms of each'/ 
' element in compound/atomic number and percentage of'/ 
' each element in compound; density of compound.'/ 
11 X I f ＭＭＭＭＭＭＭＭＭＭﾷＭＭＭＭＭﾷＭｾＭＭＭﾷＭﾷＭＭＭＭＭＭﾷＭｉＩ＠
OPEN<UNIT=2,NAME='M1. DAT',ACCESS='DIRECT',ASSOCIATEVARIABLE 
=M,DISPOSE='SAVE',RECORDSJZE=128,TYPE='OLD',READONLY> 
File containing mass absorption coefficients and atomic 
weights opened. 
The following section accepts a value for the wavelength of 
fluorescent radiation, rounds it to the nearest value in the 
table of mass absorption coefficients, and thus selects the 
record number, 1"1. 
J=O 
5 TYPE 10 
10 FORMAT(/' TYPE WAVELENGTH OF FLUORESCENT RADIATION '/ 
1 I IN ANGSTROM ... '$) 
ACCEPT ＲＰｾｗｖ＠
20 FORMAT<F6.2) 
WTOT=O. 
G=O. 
J-1:::0. 
DO 600 I=l, 6=, 
G= < < E < I ) -E ( I -1 ) ) I 2. ) +E < I -1 > 
H= ( ( E ( I+ 1 > -E ( I ) ) /2. ) +E < I ) 
1 F ( ( WV. GE. E ( I ) ) . AND. ( J,..IV. LT. H ) > M= I -1 
IF< (WV. LT. E< I>). AND. <WV. GE. G) >M=I-1 
600 CONTINUE 
MM=M 
IF<M. NE. Q)GOTO 27 
TYPE 650 
650 FORMAT(' WAVELENGTH MUST BE BETWEEN 0.1 AND 11.9 ANGSTROM'> 
c 
27 
:300 
315 
c 
1 
1 
Restarts if wavelength not in range 
GOTO 5 
TYPE 300 
FORMAT(/' DO YOU WISH TO INPUT DATA AS FORMULAE OR WEIGHT '/ 
' PERCENTAGES, eg IN THE FORM ｐｂＰＲｾ＠ OR AS % PB AND % 0?'/ 
' IF FORI'1ULA, TYPE ｆｾ＠ IF ｐｅｒｃｅｎｔａｇｅｾ＠ TYPE P ... '$) 
ACCEPT 315,LL 
FORMAT<A2> 
25 \.J=J+1 
IF ( J . G T. 1 ) M=MM 
IF<LL. EG. IP)GOTO 45 
TYPE 30 
30 FORMAT(/' TYPE ATOMIC NUMBER OF ELEMENT AND NUMBER OF ATOMS'/ 
1 'PRESENT <eg 82, l<CR> for Pb02, followed by 8,2<CR> on '/ 
1 ' further request> ... '$) 
ACCEPT 40, !A, IN !Accepts atomic number and number of atoms 
40 FORMATCI3, 12) 
GOTO 56 
45 TYPE 51 
51 FORMATC/' TYPE ATOMIC NUMBER AND PERCENTAGE OF EACH ELEMENT'/ 
1 ' PRESENT ( eg 82, 10. <CR:> for 10/. PB >. .. '$) 
ACCEPT 57, IA,PC 
57 FORMAT<I3,F7.3) 
WF(J)=PC*. 01 
56 READ<2't•'1)(C(J), I=L IA> !Nass abs coeff read fr·om f-ile 
D<J>=C<IA) !Mass absorption coeff placed in array D 
IF<LL. EG. IP>GOTO 119 
I=<EAD<2'64><W<IL 1=1, IA> !Atomic wt read f·rom file 
WT<J>=W<IA>*IN 
WTOT=WTOT+WT<J> 
TYPE 115, D < ,J > 
115 FORMAT(/' MASS ABSORPTION COEFFICIENT= ',F8.3/) 
TYPE 117, W < I A) 
117 FORMAT( I ATOMIC WT.= ',F7. 3/) 
1t9 TYPE 120 
:l20 FORIVIAT(' DOES THIS COMPOUND CONTAIN MORE ELEtyiENTS''?(Y/1\J) . . . '$) 
ACCEPT 1801L 
130 FORMAT<A2) 
I F ( L. EG. I Y ) GOTO 2 5 
DO ＱＵＰｾ＠ JJ=1.· .J 
IF<LL. EG. IP/GOTO 149 
WF<JJ>=WT<JJ)/WTOT ! wt fraction determined for each element 
149 XMUT=XMUT+D(JJ)*WF<JJ) !total mass abs coeff determined 
150 CONTINUE 
TYPE 50, XI1UT 
50 FORMAT(/' TOTAL MASS ABSORPTION COEFFICIENT= ',F7. 2,' CM2/G' 
TYPE 160 
160 FORI'1t;T ( /' TYPE DENSITY OF CDI"IPOUND IN G/Ct'l3 ... '$) 
ACCEPT 170,RO 
170 FORMATCF7.3) 
CD=<2. 957/<XMUT*RO>)*lOO. 
TYPE 180,WV,CD 
180 FORMAT</' CRITICAL DEPTH AT FLUORESCENT WAVELENGTH ',F6.2, 
1 ' ANGSTROJ'1 = ', F'r. 5! .. MM' > 
CLOSE(UNIT=2) 
STOP 
END 
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1 
c 
c 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
c 
1 
c 
c 
c<:;o 
100 
105 
PROGRAI'-1 FIL 
C01"1MON/LIST /M 
COMMON/LIST1/WV,G}H,E<65) 
COMMON/LIST2/IA, IN,CC128),0(5),W(128),WT<5),WTOT,L, IY,JJ,J, 
XI"'UT, WF(5), l.t\2(5), IN2(5), LJ, IP, IF, LL. 
COMMON/LIST3/M2 
DATA IM/'MO'/IC/'CR 1 / 
TYPE l 
FORMAT<' THIN FILM CALCULATIONr/ 
I ---------------------'/ 
1 The deposit on a filter should not exceed the thin'/ 
1 film cr'iterion. That is, the fluoT'escent intensity is'/ 
' proportional to the mass/unit area when uw < or = 0.1 'I 
' <w=mass/unit area>. u is given by ulcosec$1+u2cosec$2'/ 
1 where $1 and $2 are incident and take-off angles'/ 
1 respectively, and ul and u2 are total mass absorption'/ 
' coefficients for incident and fluorescent radiation'/ 
1 for deposit on f-ilter. 1 / 
' This program calculates ｭｾｳｳＯｵｮｩｴ＠ area for a given'/ 
1 compound allowed on the filter and converts to total'/ 
1 mg for a 22 mm diameter deposi.t. '/ 
' Data required: wavelength of fluorescent radiation'/ 
' and absorption edge for fluorescing element if fluorescent '/ 
1 wave 1 eng t h is 1 e s s than tube 1 in e u1ave 1 eng t h. 'I 
I ---------------------') 
OPEN<UNIT=2,NAME='M1. DAT',ACCESS='DIRECT',ASSOCIATEVARIABLE 
］ｍＬｄｉｓｐｏｓｅ］ＧｓａｖｅＧＬｒｅｃｏｒｄｓｉｚｅ］ＱＲｓｾｔｙｐｅ］ＧｏｌｄＧＬｒｅａｄｏｎｌｙＩ＠
CALL WAVE 
J=O 
TYPE 90, M2, v4V 
FORMAT ( I RECORD NO= I I I2J I AT WAVELENGTH:::: I I F7. 3, I AN(':iSTROt-1') 
TYPE 100 
FORMAT(/' WHICH X-RAY TUBE IS USED? <MOOR CR> ... '$) 
ACCEPT 105,L 
FORMAT<A2> 
IF<L . EG. IM>GOTO 110 
V=2. 291 
GOTO 120 
11 0 V::::Q. 71 0 
120 IF<WV.LT.V>GOTO 150 
125 G=O. 
140 
c 
C130 
150 
1.55 
1 
1 
1 
1 
c 
3.60 
H=O. 
DO 140, 1=1 I 65 
G=< <E< I >-E< I-:1.) )/2. >+E< I-1 > 
H=C <E< I+l >-E< I)> /2. )+E< I) 
IF ( ( V. GE. E < I ) ) . AND. < V. LT. H) ) 1"13= I -1 
IF< <V. LT. E<I) ), AND. <V. GE. G) ＩｍｾＳ］ｉＭＱ＠
CONTINUE 
TYPE 130, 1'13, V 
FORMAT< I RECORD NO= ', I2, I AT WAVELENGTH= I, F7. 3, I ANGSTROI'1 /) 
GOTO 170 
TYPE 1 ｾ｜Ｕ＠
FORMAT(' TUBE LINES DO NOT EXCITE FLUORESCENT RADIATION FROM'/ 
' THIS ELEMENT EFFICIENTLY AND THEREFORE EXCITING WAVELENGTH '/ 
I IS TAV,EN AS 2/3 X ABSORPTION EDGE FOR THIS ELEI"1ENT. I I 
' TYPE WAVELENGTH OF ABSORPTION EDGE FOR ELEMENT WHOSE '/ 
' FLUORESCENT WAVELENGTH WAS ENTERED ABOVE ... '$) 
ACCEPT 160,VW 
ｆｏｒｍｦｾ＠ T ( F7. 3) 
V= ( 2. /3 . ) *VlnJ 
GOTO 125 
170 CALL ABSN 
TYPE 175, XMUT 
175 FORMAT(/' TOTAL MASS ABSORPTION COEFFICIENT FOR FLUORESCENT'/ 
1 I ｒｉｾｄｉａｔｉｏｎ＠ = ', F7. 2, I CI"12/G I) 
DO 200, ... J=l I LJ 
M=M3 
IA=IA2(J) 
READ<2 1 1'1) <C (I) I I=l., IA) 
XMUT2=XMUT2+C<IA>*WFCJ) 
200 CONTINUE 
TYPE 210, XIV!UT2 
210 FORMAT(/' TOTAL MASS ABSORPTION COEFFICIENT FOR INCIDENT'/ 
1 ( RADIATION = ', F7. 2, I CM2/G I I) 
XMB=XMUT2* 1. 1223262+XMUT* 1. 5557238 
WM=<O. 1/XI"1B >*1000 
WM2=WI"1*3 . 80182 
TYPE 215,WM,WM2 
215 FORMAT<' MAXIMUM DEPOSIT ALLOWED ON FILTER= ',F9. 4,' MG/CM2'/ 
1 I THIS BECOMES ', F9 . 4, I MG OVER A FILTER DEPOSIT OF I I 
1 I 22 MM DIAMETER, 3.80182 CM2 AREA') 
CLOSE<UNIT=2) 
STOP 
END 
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1 
1 
1 
1 
1 
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1 
1 
1 
1 
1 
1 
1 
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PROGRAM PSIZE 
COMMON/LIST/M 
COMMONILIST1/WV,G,H,EC65) 
c OMI'-10 NIL I s T 2 I I A I I N I c ( 1 ｾＡＸ＠ ) I D ( 5 ) I w ( 128 ) I w T ( 5 ) I w T 0 T I L 1 I y I .J ,J I J I 
XI"'IUT I WF ( 5) I I A2 ( 5) I I N2 ( 5) I LJ, I pI IF I LL 
COMMON/LIST3/M2 
DATA IM/'MO'/IC/'CR'/ 
TYPE 1 
FORMAT<' PARTICLE SIZE EFFECT CALCULATION'/ 
' --------------------------------'/ 
' An approximate equation for absorption effects within'/ 
' spherical particles of a given substance has been'/ 
' produced by Criss (1976>. The formula used is:'/ 
' S/S0=1/(l+ba)2 where S=intensity of radiation from'/ 
1 particle diameter a micron, SO=intensity from sample'/ 
' of negligible particle size, b=factor dependent on'/ 
1 density and mass absorption coefficients. '/ 
'The particle size which leads to a given intensity'/ 
' relative to the intensity from particles of '/ 
' negligible size can be calculated.'/ 
' Here, figures are calculated for a 5% and 10% reduction'/ 
' in intensity.'/ 
1 Necessary data: wavelength of flL•orescent radiation,'/ 
'absorption edge for fluorescing element if wavelength'/ 
' less than tube radiation wavelength, atomic number of'/ 
'all elements in compound and number of atoms, density'/ 
' of compound.'/ 
I --------------------------------') 
OPEN<UNIT=2,NAME='M1. DAT 1 1ACCESS='DIRECT', 
ａｓｓｏｃｉａｔｅｖａｒｉａｂｌｅ］ｍｾｄｉｓｐｏｓｅ］Ｇｓａｖｅ Ｑ ｳｒｅｃｏｒｄｓｉｚｅ］ＱＲＸＬ＠
TYPE= 1 0LD',READONLY) 
CALL WAVE 
J:-..:Q 
TYPE 90, M2, l..JV 
r:.1o FORMAT< I RECORD NO= ,. , 12, ' AT WAVELENGTH= ', F7. 3, ' ANGiSTROr1' > 
TYPE 100 
100 FORMAT<' WHICH X-RAY lUBE IS USED? <IVIO Or< CR> ... '"$) 
ACCEPT 105,L 
105 FORMAT<A2) 
IF<L. EQ. IM)GOTO 110 
V=2 . 291 
GOTO 120 
110 V=O. 710 
120 IF<WV. LT.V)GOTO 150 
1.25 G=O. 
H=O. 
DO 140, !=1,65 
G=<<E<I>-E<I-1))/2 . )+E<I-1) 
H= ( ( E < I + 1 ) -E < I ) > /2. ) +E < I > 
IF ( ( V. GE. E ( I ) ) . AND. ( V. LT. H) ) M3= I -1 
IF ( < V. LT . E < I ) >. AND. < V. GE. G) > M3= I -1 
140 CONTINUE 
TYPE l. 30, 1'"13, V 
:1.30 FORMAT (, RECORD NO=:: , I 12, I AT WAVELENGTH= 'I F7. 3, I ANGSTRClf"l') 
GOTO l.70 
150 TYPE 155 
155 FORMAT<' TUBE LINES DO NOT EXCITE FLUORESCENT RADIATION FROM') 
TYPE 156 
156 FORMAT( 1 THIS ELEMENT EFFICIENTLY AND THEREFORE EXCITING WAVE-': 
TYPE 157 
157 FORMAT(' LENGTH IS TAKEN AS 2/3 x ABSORPTION EDGE FOR THIS') 
TYPE 158 
158 FORMAT(' ELEMENT . TYPE WAVELENGTH OF ABSORPTION EDGE FOR') 
TYPE 159 
159 FORMAT< 1 ELEMENT WHOSE FLUORESCENT WAVELENGTH WAS ENTERED ABOVE' ; 
1 ) 
ACCEPT 160,VW 
160 FORMAT<F7.3) 
V=<2. /3. >*VW 
GOTO 125 
170 CALL ABSN 
TYPE 175 
175 FORMAT< 1 TOTAL MASS ABSORPTION COEFFICIENT FOR FLUORESCENT') 
TYPE 176, XMUT 
176 ｆｏｒｉＢＱｲｾｔＨＧ＠ RADIATION = 1 1 F7. 2, ' CM2/G 1 ) 
DO 200,J=1,LJ 
M=t'13 
IA=IA2<J> 
READ ( 2 I M) ( c ( I ) I I= 1, I .6.) 
XMUT2=XMUT2+C(IA>*WF<J> 
200 CONTINUE 
TYPE 210 
210 FORMAT<' TOTAL MASS ABSORPTION COEFFICIENT FOR INCIDENT') 
TYPE 21 L XI"1UT2 
211 FORI"1AT ( I ｒｴｾｄｉ＠ AT I ON :.-.: (I F7. 2, I CIVI2/G I) 
TYPE 300 
300 FORMAT< 1 TYPE DENSITY OF COMPOUND IN G/CM3') 
ｾｾｃｃｅｐｔ＠ ＳＱＰｾ＠ RO 
310 FORMATCF7 . 3) 
BB=RD*<XMUT+XMUT2)*2.E-5 
p, I 1 == < < SQRT < l.. I. 95) ) -1. > /BB 
A I 2= ( < SGRT ( 1. /. 9) ) -1. ) /BB 
TYPE 900 .. BB 
900 FORMATC/' B-VALUE FOR THIS COMPOUND= ',F12. 8/) 
ｔｙｐｅ］ｾ＠ 320 
ＺｾＲＰ＠ FORMAT ( 1 FOR 5% REDUCTION IN INTENSITY, ') 
TYPE 3;;:.5, AI 1. 
325 FORI"'P.T( I PARTICLE ｄｉａｾＱｅｔｅｒ＠ - 1 1 F6. 2, I MICRON 1 /) 
TYPE 330 
330 FORMAT<' FOR 10% REDUCTION IN INTENSITY,·') 
TYPE 335, A ｉｾＡ＠
335 FORMAT< I PARTICLE DIAMETEH = f I F6. 2, I MICRON I) 
CLOSE (UN I ｔＺＺＮｾＲＩ＠
STOP 
END 
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200 
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25 
30 
35 
40 
220 
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216 
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115 
c 
C116 
117 
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C118 
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SUBROUTINE ABSN 
COMMON/LIST/M 
C0,..1MON/LIST2/IA, IN, C<128), 0(5), W<128), WT(5), WTOT, L1 IV, ,...J,..J •• J, 
XI"1UT, WF<5), IA2(5), IN2(5), LJ, IP, IF, LL 
C0f1MON/L IST3/1"12 
DATA IY/'Y '/IP/'P '/IF/'F '/ 
TYPE 200 
FORMAT<' DO YOU WISH TO INPUT DATA AS FORMULAE OR WEIGHT PER-' 
TYPE 205 
FORMAT(' CENTAGES, eg IN THE FORM PB02, OR AS% PB AND% 0?') 
TYPE 210 
FORMAT(' IF FORMULA, TYPE F, IF PERCENTAGE, TYPE P ... '$) 
ACCEPT 215,LL 
FORMAT<A2> 
J=J+! 
IF<J. GT. 1>M=M2 
IF<LL.EG. IP>GOTO 220 
TYPE 30 
FORMAT<' TYPE ATOMIC NUMBER OF ELEMENT AND NUMBER OF ATOMS') 
TYPE 35 
FORMAT<' PRESENT (eg 82, l<CR> for Pb02, followed by 8,2<CR> on 
f-urther request) ... '$) 
ACCEPT 40, IA, IN !Accepts atomic number and number of atoms 
FORMAT< I3, 12> 
GOTO 216 
TYPE 225 
FORMAT< 1 TYPE ATOMIC NUMBER AND PERCENTAGE OF EACH ELEMENT') 
TYPE 230 
FORMAT< 1 PRESENT < e g 82, 10. (CR> FOR 10% PB). .. '$) 
ACCEPT 235, IA,PC 
ｆＰＱｾＱＧＱａｔ＠ < I3, F7. 3 > 
WF<J>=PC*. 01 
IA2(J)=IA 
IF<LL. EQ. IP>GOTO 217 
IN2(J)=IN 
READC2'M)(C(I), 1=1, IA> !Mass abs coeff read f·rom file 
D<J>=C<IA> !Mass absorption coeff placed in array D 
IF ( LL. EG. I P) GOTD 119 
READ<2'64><W<I>, 1=1, IA> !A·tomic wt read rl''Om f-ile 
WT<J>=W<IA)*IN 
ｗｔｏｔ］ｾＮｊｔｏｔ＠ +WT < J > 
TYPE 115, D("J) 
FORMAT ( I MASS ABSORPTION CDEFF IC I ENT= I I F8. 3, I CIVJ2/G I) 
TYPE 116,WTOT 
FORMAT(' CUMULATIVE WT. = ',F?. 3) 
TYPE 11 7 I w ( I A) 
FORMAT( I ATOMIC WT.::: ',F7.3) 
TYPE 118,WT(J) 
FORMAT( I TOTAL WT. = ',F7. 3) 
TYPE 120 
FORMATC' DOES THIS COMPOUND CONTAIN MORE ELEMENTS?CY/N) ... '$) 
ACCEPT 130,L 
FORI"'IAT ( A2 > 
IF<L. EG. IY>GDTO 25 
DO 150, JJ=1, ""' 
IF<LL. EG. IP>GOTO 149 
WF(JJ)=WT<JJ)/WTOT ! wt fraction determined for each element 
XMUT=XMUT+D(JJ)*WFCJJ) !total mass abs coeff determined 
CONTINUE 
LJ=J 
RETURN 
120 
c 
c 
c 
c 
c 
c 
c 
c 
5 
10 
20 
600 
c 
C620 
650 
c 
25 
1 
1 
1 
1 
SUBROUTINE WAVE 
COMMON/L.IST/M 
COMMON/LIST1/WVjG,H,E<65) 
COMI"'ON/L I ST3/M2 
DATA E/0. I • 11 . 15, . 2} . 251 . 31 . 351 . 41 . 45/ . 5, . 55/ . 6/ . 65, . 7, . 75, . 8/ 
. 85,, 9,, 95,1. I 1. 0511. L 1. 15, 1. 211. 25,1. 3,1. 35/1. 4,1. 5/1,611. bt 
I 1. 79, 1. 9312. 112.212. 2812. 37.• 2. 4612. 54/2. 6812. 76/2.89, 3. 05, 3. 1 
5/ 3. 291 3. 45} 3. 6, 3. 74, 3. 95, 4 . 151 4. 4 .. 4. 591 4. 73, 5. 181 5. 4, 5. 77, 6. c 
7, 6. 2L 6. 45, 6. 86, 7. 0818.34, 9. 89/ 11. 9, 14. I 
The following subroutine accepts a value for the wavelength of 
fluorescent ｲ｡､ｩ｡ｴｩｯｮｾ＠ rounds it to the nearest value in the 
table of mass absorption coefficients, and thus selects the 
record number, M. 
TYPE 10 
FORI"IAT<' TYPE WAVELENGTI--·1 OF FLUORESCENT RADIATION ... ＢｾﾷＩ＠
ACCEPT 20,WV 
FORMAT<F6. 2> 
G=O. 
H==O. 
DO 600 1==1 .• 65 
G=< <E< I >-E< I-1) )/2. )+E< I-1 > 
H:::( <E< 1+1 )-E< I)) /2. )+E< I) 
IF ( ( WV. GE. E ( I ) ) . AND. < WV. LT. H ) ) lvt= I -1 
IF< <WV. LT. E< I)). AND. <WV. GE. G) >M=I-1 
CONTINUE 
TYPE 620,M 
FORMr-, T ( I M= ·'I I 2) 
M2=M 
JFCM.NE.O>GOTO 25 
TYPE 650 
FORMAT(' WAVELENGTH MUST BE BETWEEN 0.1 AND 11.9 ANGSTROM'> 
Restarts if wavelength not in range 
GOTO 5 
RETURN 
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